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ABSTRACT 


This thesis provides the first documented, comprehensive, in 
situ study of naturally occurring creep in ice-rich permafrost soil. 

The surficial geology of the Great Bear River area was stud- 
ied in order to select the most suitable field site. A steep slope 
at km 7.2 of Great Bear River was chosen. The stratigraphy of the 
slope includes an anomalously thick section of ice-rich glacio- 
lacustrine clay, and, coincidentally, it is situated at the proposed 
Arctic Gas Crossing of Great Bear River. 

A field programme was undertaken in order to obtain contin- 
uous, undisturbed samples, and to install borehole inclinometers, 
piezometers and thermistors. Details of this programme are reported 
because many aspects were innovative and lacked precedence. 

Deformation data, sub-permafrost pore pressure data and tem- 
perature data are reported and analysed. The scale of slope defor- 
mations was found to be marginally greater than the accuracy of the 
inclinometer system. The system accuracy was carefully verified and 
new data analysis techniques were developed. Steady state creep 
velocities in the order of 0.25 to 0.30 cm/year are ‘indicated! in the 
ice-rich glaciolacustrine clay. 

The results of triaxial creep tests on undisturbed samples of 
glaciolacustrine clay, and non-linear finite element analysis of 
steady state creep deformations in the slope suggest that a simple 
power law with a coefficient of 0.33 x 10°8 year kPa” and an 
exponent of 3.0 accurately simulates both the form and magnitude of 
in situ steady state creep deformations. 
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Post-failure, close-up view of creep test 9 
(GB1 Core 43) showing the magnitude of deforma- 
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Post-failure appearance of creep test 7 (GBl 
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Creep test 12 (GBl Core 60) prior to assembly. 
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Core 60) - cross-sectional view. 
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CHAPTER I 


INTRODUCTION 


MN Wetare enowsdatnourelastwirontier. eltvisda frontier 


thatea Meorousenavesread about, but few of us have seen. 
Profound issues, touching our deepest concerns as a nation, 
await us there. 

ThepNortéhtishadfrontier,hbuteateis: ashomeland too; the 
homeland of the Dene, Inuit and Metis, as it is also the 
home of the white people who live there. And it is a 
heritage, a unique environment that we are called upon to 
preserve for all Canadians. 

The decisions we have to make are not, therefore, simply 
about northern pipelines. The are decisions about the 
protection of the northern environment and the future of 
northern peoples." (Berger, 1977, p.1l of introductory letter) 


With these words, Mr. Justice Thomas R. Berger began his 
report of the Mackenzie Valley Pipeline Inquiry, a summary of 
evidence from 300 experts on northern conditions, northern 
environment and northern peoples, and from nearly 1000 northern 
residents in 35 communities across the Western Arctic. His report 
dealt an unprecedented blow to proponents of industrial development 
who viewed oil and gas resources of the Mackenzie Valley and the 
Arctic coastal region as a panacea for both the deteriorating North 
American energy supply and the economic ills of these northern 
regions. Many reasons may be cited as to why both Mr. Justice 


Berger and the National Energy Board (National Energy Board, 1977) 
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recommended against construction of a Mackenzie Valley Pipeline and 
an energy corridor across the Arctic coastal region, not the least 
of which were engineering and construction uncertainties. 

The vast oil and gas potential and abundance of other 
minerals through the Canadian Arctic and other polar regions have 
been long established, however impetus for their development has 
been sporadic. When real demand for these resources became apparent 
in the 1970's, the technological challenges confronting designers 
and prospective builders were awesome. These were not limited to 
the scale of the megaprojects, their remote setting or harsh 
environment, but included aspects of the projects and their design 
which lacked any precedent and required innovative engineering 
concepts because of the presence of perennially frozen soils. One 
of the most important aspects to be addressed was that of naturally 
occurring creep in permafrost soil. 

Knowledge that ice creeps under any sustained loading is 
fundamental. Since ice is present in pore spaces and, commonly, as 
disseminated structures in permafrost soil, it is a logical 
deduction that such soils should exhibit creep properties under 
conditions of sustained loading. Moreover, creep properties are 
likely to be more pronounced in soils with higher ice contents - 
especially those in which the volume of ice exceeds the volume of 
voids. 

Some measure of industrial development is imminent in 
Northern Canada, and it will almost certainly require major 


structures to be founded on or within permafrost soils subject to 
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gravity loading. Design of these structures may have to accommodate 
existing in situ creep velocities. The objective of the research 
programme reported here is to provide the first documented, 
comprehensive, in situ study of naturally occurring creep in 
lce-rich permafrost soils. The components of the research programme 
include detailed surficial geology mapping to facilitate selection 
of the best possible field investigation site, a carefully planned 
and executed site investigation programme including drilling, 
sampling and instrumentation, a two year instrument monitoring 
period, extensive laboratory testing of undisturbed permafrost 
soils, and numerical analysis of in situ deformation patterns using 


empirical parameters from the laboratory programme. 


1.1 Scope of Thesis 

Chapter II presents the results of detailed surficial geology 
mapping along Great Bear River, N.W.T. This was carried out in 
order to determine the most suitable field site for in situ 
measurement of naturally occurring creep deformations. 

The field investigation, which includes drilling, sampling, 
instrumentation and logistical procedures, is presented in Chapter 
III. A detailed site description and geotechnical properties of the 
soils are also presented in this chapter. 

All field data are reported and analyzed in Chapter IV. 

The results of laboratory creep tests on undisturbed 
permafrost soil are presented in Chapter V. In addition, an attempt 


is made to interpret the results of other laboratory programmes 
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carried out on similar materials. All data are considered in 
determining empirical relationships of creep behaviour. 

Empirical relationships determined in Chapter V are used in 
non-linear finite element creep analyses in Chapter VI in an attempt 
to predict the observed field velocities. 

A brief summary of the salient points from Chapters II 
through VI is given in Chapter VII. The overall conclusions from 
the study are presented, and recommendations for further study are 


out lined. 


Field and laboratory data are appended. 
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CHAPTER II 


GEOLOGY OF THE GREAT BEAR RIVER AREA 


"The information which they gave respecting the river, 
...that it would require several winters to get to the 
sea, and that old age would come upon us before the 
period of our return: we were also to encounter monsters 
of such horrid shapes and destructive powers as could 
only exist in their wild imaginations. They added, 
besides, that there were two impassible falls in the 


river, the first of which was about thirty days march 
from us." 


Zet sintroduction 

The surficial geology and limited bedrock geology in the 
Great Bear River area were mapped by the writer in 1973, with brief 
MiettoeLomspecitic Jocations: in 19/5, 1976, and,19//. “There were 
two major objectives to this study. The first was to describe the 
stratigraphy of surficial deposits and the general scheme of major, 
late Quaternary events. The second was to select the most suitable 


Siihemror iu situ study of naturally occurring creep processes. 


IMackenzie, A. (1971 ed. ppo so-34) @This “is ran account of conditions 
along Mackenzie River between Ft. Norman. N.W.T. and the "Frozen" 
(Arctic) Ocean as related to Sir Alexander Mackenzie by natives at 
Ft. Norman during his descent of the Mackenzie in July, 1789. Sir 
Alexander Mackenzie was the first explorer to visit the Ft. Norman- 
Great Bear River area. 
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In this chapter, the results of the geological investigation 
are presented, and the criteria for selecting the field 


instrumentation site are outlined. 


2.2 Historical Perspective 

Early explorations in the Great Bear River area were carried 
out for geographical interest. The explorers included Sir Alexander 
Mackenzie, Sir John Franklin, and others of central importance in 
the history of the Canadian nation (Camsell and Malcolm, 1921; 
Robinson and Robinson, 1946; Hume, 1954). 

Geological surveys of the area began in 1888 with 
investigations by R.G. McConnell of the Geological Survey of 
banada-eeineoLaee Dr. J:.0. Bosworth was the first to stake claims 
around local hydrocarbon shows. Since that time, exploration and 
development of the hydrocarbon deposits have provided a wealth of 
information on the local bedrock geology. (Hume and Link, 1945; 
Hume, 1954). 

Regional geological surveys were undertaken by the Geological 
Survey of Canada beginning in 1957. These concentrated on bedrock 
geology, but also included significant surficial geological studies 
(Douglas: and Norris, 1963; Norris et al<, 1963; Aitken et al., 1969; 
Aitken et al., 1970; Cook and Aitken, 1971). 

In 1968, the discovery of oil and natural gas on the North 
Slope of Alaska, together with encouraging results of wildcat 


drilling in the Mackenzie Delta, caused producers to look to the 
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Mackenzie Valley for the location of pipelines to carry petroleum 
products to southern consumers. In the early 1970's, numerous 
studies were initiated to resolve engineering complexities 
associated with the construction of pipelines and support 
facilities. Geological investigations, which formed part of these 
studies, concentrated on surficial geology, and involved mapping, 
describing, and explaining the unconsolidated deposits, landforms, 
permafrost, ground ice, and organic (muskeg) terrain present in 
map-sheets adjacent to Mackenzie River (Hughes et al., 1973; Hanley 
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DeouwPhys 1lography 
23 introduction 

Two physiographic regions are represented in the study area: 
Mackenzie Plain, which is part of the Interior Plains; and Franklin 
Mountains, which Ws! part’ ofsthe’ Cordillera (Bostock, 1948). These 
are shown in Figure 2.1. The portion of each region which lies in 


the vicinity of Great Bear River is described below. 


2.3.2 Mackenzie Plain 

Mackenzie Plain is an area of low elevation and relief 
bordered on the northwest, north, and east by Franklin Mountains. 
It is drained by the Great Bear and two tributaries, Brackett River 
and St. Charles Creek. Otherwise drainage is very poorly developed, 
with myriads of small lakes, swampy inter-lake areas and few 


well-defined streams. 
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Near the Great Bear and Mackenzie confluence, the plain is 
underlain by Tertiary clastic rocks. These outcrop along Great Bear 
River to above the Brackett confluence, and upstream along the 
Mackenzie almost as far as Old Fort Point. Elsewhere, the plain is 
underlain by undifferentiated Tertiary-Cretaceous clastic rocks 
which rarely outcrop (Cook and Aitken, 1976). Till deposits of 
silty clay overlie bedrock throughout Mackenzie Plain. These are 
overlain by clays, silts, and sands of glaciolacustrine or 
glaciodeltaic, origin. . Glaciofluvial, alluvial, and'ecolian sediments 
are present in some locations. 

Topographic elevations range from 52 m on the beach at Fort 
Norman to 150 m where Great Bear River crosses the trend of Franklin 
Mountains. Major streams are incised between 45 and 60 m below the 
featureless plain surface. Valley sides are commonly colluviated by 
active or remnant bimodal flows seated in ice-rich glaciolacustrine 


and occasionally morainic sediments. 


a. 3, Poanklain: Mountains 
The Franklin Mountains region is represented by two mountain 
ranges: McConnell Range in the east; and Norman Range in the west. 
These merge north of Great Bear River defining a crescentic northern 
limit to Mackenzie Plain. The chain of lakes extending northwest 
from Brackett Lake through Kelly Lake marks their common boundary. 
Paleozoic carbonates and shales are the dominant 


lithologies. Interbedded salt, gypsum, and anhydrite are important 
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components, but do not comprise significant thicknesses. Glacial 
drift is present throughout Franklin Mountains, but is thin or 
lacking in the highlands. 

McConnell Range is a narrow ridge where it is crossed by 
Great Bear River at St. Charles Rapids. South of the river there 
are other topographic lows by which drainage passes into Mackenzie 
Plain. The ridge is more contiguous north of the river. Relief is 
a1 Oetoy +25) m. 

Norman Range 1s wider and more rugged than McConnell Range, 
and forms a continuous drainage divide within Mackenzie Plain. 


Relaet*is)520eto, 550m: 


2.4 Stratigraphy 


Beeeieintroduetion 

The bedrock geology of the Great Bear River area has been 
studied in detail during more than half a century of petroleum 
exploration. The stratigraphy of local rocks is well described in 
the literature. Specific properties which appear to affect the 
Quaternary stratigraphy are reviewed in this chapter. 

Quaternary sediments are widespread throughout the area. 
They were examined in detail in the field and in the laboratory to 
facilitate selection of the best possible site to undertake the in 
situ programme, and to delineate any sedimentological and permafrost 
properties that could influence creep processes. In addition, their 
areal distribution was investigated to provide insight into regional 


geomorphic development. 
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The location of each measured section and drillhole from 


which data were obtained is given a code of the form GB followed by 


a number. The numbers have no particular order along the river; 
thus, any site referred to in the text may be found by determining 
its kilometre. location from Table 2.1, and then referring to 
Pecmresmou SOL so for tie OCaLion.. A tuli) deseription ot each 


section and drillhole is given in Appendix A. 


2.4.2 Paleozoic and Mesozoic 

Detailed study of Paleozoic and Mesozoic stratigraphy began 
soon after Bosworth's discovery of oil seeps in 1914. Camsell and 
Malcolm (1921) published the first detailed analysis, and Hume 
(1954) prepared what remains one of the most comprehensive. 
Operation Norman of the Geological Survey of Canada was aimed at 
updating geological knowledge and preparing 1:250,000 scale 
geological maps. Recent publications based on this programme, 
ce Vier mae enactealeww 909,019) 0s lassonyl, 1969;eFritz, 19/0; 
een wel) 0 eoraumem uO Balkwills71971> Aitken et al., 1973; 
Aitken and Cook, 1974; Norford and Macqueen, 1975; and, Cook and 
nucketise9/7O.8"ArStratigraphic column 4's ‘given in Table "2.27 

Paleozoic rocks are best exposed in Norman and McConnell 


Ranges (Figure 2.4). Several hard, resistant carbonate formations 


1 Kilometre 0 is arbitrarily defined as the confluence of Mackenzie 


and Great Bear Rivers. The kilometres accumulate upstream along 
Great Bear River. 
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make up most of the exposed rocks. Overlying shale formations 
outcrop on the west side of each range, and are well exposed along 
streams draining the highlands. Soluble evaporitic rocks make up 
thick zones of the Saline River and Bear Rock Formations (Tassonyi; 
1964). Where the Bear Rock Formation is Quaternary subcrop, 
numerous sinkholes testify to Recent, and probably Pleistocene 
subsurface solution. Minor evidence of solution is also present in 
the Saline River Formation (Aitken and Cook, 1974). 

Mesozoic rocks are made up of a succession of marine and 
non-marine clastic rocks of Cretaceous age. These are exposed on 
the flanks of Norman and McConnell Ranges, and in many valleys on 
Mackenzie Plain. The rocks are composed of interbedded medium to 
fine quartz sandstone and clay shale. Lignite is common as a minor 
constituent. Bentonite laminae up to 2.5 cm thick are also common, 
and most clay shales have a significant bentonite component 


@lassony1 241969 Worath, 2970; Yotath <n -Aitken sand Cook, (1974).. 


2.4.3 Cénozoicgdertirary, 

Tertiary rocks underlie most of Mackenzie Plain in the Great 
Bear River area (Yorath, 1970; Yorath in Aitken and Cook, 1974). 
They constitute an eastward thinning wedge of clastic rocks that 
pinches out near the western flank of McConnell Range (Figure 2.4). 

The rocks are well exposed in the area of the Mackenzie and 
Great Bear confluence, and for several kilometres upstream along 
both rivers. Those along Great Bear River may be broken into two 


units, referred to here as the "lower unit" and the "upper unit". 
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Lower Unit 

The lower unit consists of a complex, upsection transition 
from undifferentiated shale and siltstone, through sandstone to 
conglomerate. These rocks are exposed intermittently along Great 
Bear River from Fort Norman to a short distance above the Brackett 
confluence (Figure 2.5). 

Shale and siltstone appearing at the base of this unit, and 
therefore the locally exposed Tertiary System, are medium to highly 
plastic and bentonitic. They show varying degrees of fissuring and 
are more like heavily overconsolidated soils than rocks. They are 
weakly indurated, and may be excavated by hand and broken down with 
gentle finger pressure. 

Sandstone is the most common rock exposed in the lower unit. 
This consists of medium to fine sand, of which 60% is quartz and 40% 
1s argillite and chert. Exposures show well-developed cross-strati- 
fication and occasional joints. The degree of induration is low, 
and the material may be easily excavated with a shovel. 

The conglomerate is approximately 80% gravel-sized clasts 
which consist mostly of quartzite and argillite with localized 
carbonaceous material. Cross-stratification is extensive and 
commonly associated with deep scour into underlying sandstone. 
Joints present in the sandstone also propagate through the 
conglomerate. The conglomerate is weakly indurated, and, like the 


sandstone, may be easily excavated with a shovel. 


Ww in 


<A eiN gaPpiresew ages 


_— 
- 


t) 
> ade dguemis oTeRe omer Gete sms ebiet ad? a EAeeeTG: 82 
> 7 7 : : - 


ena, ,0 


arated Tivaow ci. seedy ams fH 
rn ry ne 


13 


Upper Unit 

The upper unit consists of interbedded bentonitic siltstone 
and coal. The unit is exposed intermittently along Great Bear River 
from between 1 and 2 km above the Brackett confluence (Preures2 5) ; 
but is truncated by the Pleistocene erosional surface below the 
confluence. It reappears in the hanging wall of a normal fault in 
contact with the lower unit at Fort Norman (see GB40, Appendix A). 

Siltstone beds have a variable thickness and are separated by 
coal beds. The material is generally highly plastic and is composed 
of up to 454 montmorillonite, with an average of 20%. In outcrop 
the material is highly fissured and consistently soft to finger 
pressure. It is more appropriately described as an overconsolidated 
soll) thantanrock- 

Coal beds and laminae are common. The coal is tentatively 
assigned a rank of lignite to sub-bituminous. It breaks down easily 
into angular peds 1 to 2 cm long and is easily recognized by the 


presence of plant fossils and amber. 


2.4.4 Cenozoic - Quaternary 

The succession and basic lithology of Quaternary sediments in 
the environs of Great Bear River is given in Table 2.3. The 
regional surficial geology and geomorphology, modified from 
Geological Survey of Canada maps, are shown in Figure 2.6, and a 
composite stratigraphic section of surficial deposits along Great 


Bear River from km 0 to km 75 is shown in Figure 2.7. 
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Sur faeial eedament os pre-dating the last glaciation are 
present at two locations: sand and silty clay, which are considered 
alluvial, occupy sa bedrock» valleyratikm 7; and’ deltaic silt,.sand, 
and gravel lie immediately west of McConnell Range, between km 45 
and 53. 

Till which is assumed to have been deposited during Wisconsin 
glaciation, is the lowest widespread unit in the Quaternary 
section. This is present throughout Mackenzie Plain, and to varying 
elevations in McConnell and Norman Ranges. 

Glaciolacustrine silty clay and overlying glaciodeltaic sand 
are widespread on Mackenzie Plain. These accumulated in the 
proglacial environment of Wisconsin deglaciation. 

Recent sediments are common throughout the area. Organic 
solls, lacustrine clay, silt and sand, and aeolian sand are present 
on the surface of the Mackenzie Plain. Alluvial silt, sand, and 
gravel are present on valley floors, and valley slopes are largely 
clayey and sandy colluvium. Recent sediments are typically thin and 
of little signifiance to this study, and are therefore not discussed 


further. For a detailed summary the reader is referred to Tarnocai 


(ARS RE 


Pre-Wisconsin - Alluvial Clay and Sand 
These deposits were only encountered at the proposed Arctic 


Gas ecrossingysites(kmp/.29 Eugurée2s5). They consist of 6.7 m 


1 For the purposes of this thesis, "surficial sediments" refers 
to all sediments above the Tertiary bedrock surface. 
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of silty clay and sand, and separate Wisconsin till and Tertiary 
bedrock. They occur at and below river level in a bedrock valley 
that 1s identified by following the bedrock surface in exposures 
upstream and downstream of the site. The trend of this valley away 
from river is unknown, but it is likely north northwest parallel to 
bedrock structures (Figure 2.4). 

Blue-grey to brown, highly plastic silty clay (CH) and clayey 
silt (MH) make up most of this alluvial deposit (Figs. 2.8 and 
2.9). The beds are fissured and slickensided, and detrital coal 
fragments are found throughout. Clay minerals present include 
montmorillonite (60%), illite (30%), and kaolinite (10%). 

Very uniform (SP), uncemented, salt and pepper sand in beds 
20 to 30 cm thick makes up approximately 104 of the alluvial 
deposit. The grains are medium size, subangular, and consist of 
argillite (60%) and quartz (40%). 

The remainder of the deposit is made up of a coal seam 30 cm 
thick. This is considered allogenic because of an increasing 
content of detrital coal in underlying silty clay, and because of 
thin clay laminae in the bottom of the coal itself. 

Ground ice occurs where these strata lie within the 
permafrost zone. Thin films of ice coat most fissure surfaces, 
giving a pseudo-reticulate permafrost form), Stratified ice is 
also present with veins up to 4 cm thick occurring at some contacts 


Of Silty “clay withwsandvortcoalebeds. 


IThe classification system used in this thesis to describe perma- 
frost is discussed in Section A.3. 


me 


ne » at n 4 : { & 
yiatissT bre 1 is aped »2fW giuap ss Ome Lard SES 78 ysl « te 
4 hed bee te we at Jsovied 


(oi {ev Aweri sad? cs 6es smyvep Woeee 


a" i M4 ty (ieee? Be tent 


.aryeor es : oF . 
7 | 97 f wan a fey 11a ez enh 
veuy ce ler ote op) based Si atee SS SH OF on 
wes met 
o2 usr, i 
i 
a, a? hy Ce at Pe Te gaatbed 7 
f ' » ; 
; . > , ¥ 
° 
: fhaonen 4 F aa i al \ ei Lt? 7 
@ (ws 
f “ ~< * 8 € yt i 4 ! La od ’ 
A fosrgadd 
I : i ce sertion 
i 
é Py i bl y 
é i ‘6 i ‘ f 
- ~ 32 ot «as OF 
. : - 
i \ t te BOS ot 7 
‘ aT e34/2 tet 
if 
= 
" wea i ul exces Ls | A et : 
eali . ecige ee agiviie ia « ae 43702 
: 
ic us sh 6 @eivizcsbav ec J -eh [qe 3e03n09 
: ‘ 
4 ieee) lena att 9< mee? Le ' eet® wida 
Uy 
out gest: » 2} $3696 2G: | sis ‘a bo se Wet Per 
" 


a ene? ad wi aad une Jena 907 Ac 2%)! 1 wivd .sten 2ebRceeEegT 


tet S4UlaR APY LIs5y 2e20i~ Ploeg snl 


Phde wiley yy Sepeoas 


on 


6 ‘ ; 
= e ; 


Pre-Wisconsin - Deltaic Silt, Sand, and Gravel 

A sand and gravel complex underlies Wiconsin till on the west 
side of McConnell Range. The deposit has a typically deltaic 
morphology in cross section (Figure 2.7), with a steep, west-facing 
delta front at approximately km 42. 

More than 20 m of silt, sand, and gravel belonging to this 
deposit outcrop at km 45.3 (GB9, Appendix A). Sand and gravel beds 
dominate the exposure. Clasts in the gravel represent up to 504 by 
volume and consist primarily of pebbles of crystalline and carbonate 
rocks. .Cobbles and boulders .are usually less than 1%, but,locally 
as much as 5% and as large as 90 cm in diameter. The sand is medium 
to coarse, angular to subangular, and mostly quartz (80%) and 
feldspar) (204) ae Silt seamsul5 to.25 cmathick are ‘common and makeup 
5 to 104 of the exposure. 


Permafrost was not observed in the deposit. 


Wisconsin soak 1 bl. 

Till overlies Tertiary rocks, and locally pre-Wisconsin 
alluvial deposits, in the Brackett River to Fort Norman area 
(Figures 2.5 and 2.7). To the east, across Mackenzie Plain, the 
contactyis buried; but sit.is, assumed sto -be4wath Tertiary rocks to 
approximately km 35, and then with Cretaceous rocks to St. Charles 
Creek. From this point to the east side of McConnell Range, the 
unit rests on pre-Wisconsin sands and gravels. Over Mackenzie Plain 


the till is covered by glaciolacustrine clay, and through valleys in 
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McConnell Range, near Bennett Field, it is overlain by glaciofluvial 
outwash; elsewhere it comprises the surficial mineral soil. 

Thicknesses of from 3 to 10 m are common for till in 
Mackenzie Plain. The till is thin or lacking in the highlands of 
Franklin Mountains, but the presence of glacial erratics indicate 
Laurentide glaciers advanced over the region (Hughes, 1969). 

The till is compact, with very rare pockets and lenses of 
stratified material. The matrix is dark greyish brown (10YR4/2) to 
dark grey (1O0YR4/1), but becomes black near Tertiary lignite 
deposits. The structure of outcrops is dominated by fissures, with 
peds ranging from 2 to 6 cm. Joints are present, but are very 
indistinct:= 

Clasts are all subrounded and consist mainly of granite (40 
to 50%) and carbonate (40%) with random sandstone, quartzite, 
syenite, and local siltstone and shale. The average size is l cm, 
with cobbles and boulders less than 14 of the total. The maximum 
size observed was 1 m in diameter. The long axes have a preferred 
east-west orientation, and most clasts have striae. 

The matrix consists of a near-equal sand-silt-clay mixture, 
with local increases in sand content as shown in Figure 2.9. The 
plasticity characteristics summarized in Figure 2.8 give it a 
Unified’ Classification of low to medilim plastic: clay -(CLPtorCi)) Sand 
liquidity indices between O and -l indicate overconsolidation. The 
unit weight averages 22.1 KN/m>, and the specific gravity of the 


soil particles is 2.74. Clay minerals identified are illite (60 to 
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1D). Kaoliuns tee c20atop25%)5 montmorillonite (0 toe15Z),. and 
chiorite (52). . 

The deposit is everywhere within the permafrost zone, except 
in particularly deep sections in the valleys through McConnell 
Range. Ground temperatures at km 7.1 of Great Bear River range from 
=2),0°towe2s 4G. Sroresice! isi thesmostécommone permafrost® form, but 
some reticulate ice occurs near the upper and lower contacts. Veins 
of ice in reticulate ice facies are limited to widely separated, 


sub-horizontals lenses 2iito: 40cm thick: 


Wisconsin —- Glaciolacustrine Clay 

Fine-grained, glacial-lake-basin clay rests on till 
throughout its extent in Mackenzie Plain, except near km 37 where it 
overlies a small, coarse-grained, ice-contact deposit. Over most of 
Mackenzie Plain, it is overlain by glaciodeltaic sand (Figure 2.7), 
but in the east, near the lower Northern Transportation Company 
(NEGIJedock, ¥ itinsecovered by glaciofluvialssand ands ¢raveliosltehas 
extensive organic-soil cover where it is the surficial mineral soil 

The thickness of the deposit is directly related to the 
morphology of the underlying till surface. Accumulations typically 
Bangescrompetos LO} mes but over hiughsethiss ist reduced (ho 2/0] 5: m, 
and in lows, such as the bedrock valley at km 7, it is up to 18m 
thick: 

The maximum elevation of the deposit is associated with 


strandlines at approximately el. 150 m near Big Smith Creek (Figure 
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2.6), 50 km southeast of Fort Norman. North of Great Bear River, on 
the west side of McConnell Range, the sediments reach approximately 
the same level; and on the east side of Bear Rock they reach el. 130 
m. The estimated isostatic recovery from these data is 0.35 m/km in 
both east and southeast directions. 

Outcrops are common in the headscarp of bimodal flows, many 
of which are active and provide fresh exposure of the clay and its 
contact with overlying sand. However, the operandi of these 
features commonly precludes exposure of the lower part of the clay, 
and 1s responsible for a paucity of field data in the lower portion 
of the clay section. 

The lowest 1 m of glaciolacustrine sediments contain 
significant coarse sand and pebbles. The contact with the sand 
above is abrupt, and locally marked by a thin lens of pebbles and 
coarse sand. No gradation was found in the clay near this contact. 

The clay is rhythmically laminated throughout the region, 
although only minor colour or texture difference exists between the 
"summer" and "winter'' layers. The former are greyish brown 
(1O0YR4/2), average 0.2 cm thick, and range from 0.02 to 200 cm; the 
latter are very dark greyish brown (10YR3/2), average 2 cm thick, 
and range from 0.05 to 10 cm. The bedding structure is highly 
contorted, and individual laminae show rapid thickness variation, 
both of which make lateral correlation of more than a metre 


difficult. No diamicton deposits were found, and current-bedded 
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silt laminae were only observed at GB14 (Figure 2.2). 

Preliminary grain-size analyses were planned to assess the 
textural difference between the "winter" and "summer" laminae. 
Owing to the difficulty in sampling each layer, and since the 
maximum difference was consistently less than reasonable 
experimental accuracy, this objective was abandoned and further 
samples were taken indiscriminately. 

The lack of strong textural contrast between the components 
of each couplet is at least partially a manifestation of bedrock 
conditions in the Mackenzie Valley. Roggensack (1977) found that 
glaciolacustrine sediments from Fort Simpson and Norman Wells 
consisted of aggregates of clay minerals, and proposed that these 
were derived intact from the local Cretaceous System, transported, 
and deposited as silt-sized particles. His photomicrographs 
(Roggensack, 1977, p.400) illustrate a predominance of turbostratic 
fabric, which underscores the sedimentological importance of this 
model. 

The photomicrographs also show a degree of edge-to-face 
structure indicating flocculation. Fraser (1929) showed 
experimentally that this process could occur in solutions with 
salinity as low as 1/90 that of normal sea water. The availability 
of electrolytes in local Paleozoic rocks, together with evidence of 
solution cited in Section 2.4.2, suggest that adjacent glacial lakes 
contained a sufficient electrolyte concentration to effect the 


observed flocculation. In the Great Bear River area, these 
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phenomena likely combined to produce silt-sized, clay-particle 
assemblages that settled from suspension at approximately the same 
rate as discrete silt grains. Therefore, clay sizes comprise a 
large percentage of the ''summer" layers. 

The results of 62 grain-size analyses are shown in Figure 
2.9. The distribution shows the deposit is a silty clay. 
Plasiticaty ehanacteristics illustrated.an Figure 12..8.andicate..a 
Unified Classification of medium to highly plastic clay (CI-CH). 


Liquidity indices are consistently near zero, indicating slight 


3 


overconsolidation, bulk unit weights have an average of 20 KN/m , 


and specific gravity of the soil particles is generally 2.75. 

X-ray analyses of the less than 0.002 mm fraction show 
between 15 and 204 clay minerals, 554 quartz, 104 calcite, 104 
dolomite, and less than 10% each of gypsum and feldspar. The 
average composition of the clay minerals is 60% illite, 20% 
kaolanite sand, 10% chlorite. Montmorillonite varied from 5, to 252 
with a mode of 10%. 

The deposits lie within the permafrost zone throughout 
Mackenzie Plain. Reticulate ice is the most common permafrost 
form. » Veins, of ice range. up to, 20..cm thick. Usually a primary 
vertical and secondary horizontal ice structure is evident, and the 
primary veins are almost always thicker. Segregated ice is also a 
common permafrost form. In general, the ground-ice to soil (volume) 
ratio 1s greater where the glaciolacustrine clay outcrops along 
valley sides, than it is at depth beneath adjacent uplands. Both 


recticulate ice and segregated ice facies are thaw unstable where 
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either is exposed to thawing conditions. 


Wisconsin - Glaciodeltaic Sand 

A thick blanket of glaciodeltaic sand covers Mackenzie Plain 
south of Great Bear River, southwest of Mackenzie River toward 
MacKay Range, and north of Great Bear River to el. 120 m. It rests 
on glaciolacustrine clay throughout the region, locally separated 
from it by a lens or thin bed of pebbles and coarse sand. Where the 
sand is thin, its surface is covered by peatland and fenland 
containing up to 4 m of organic soil. Peat palsas and plateaus 1 to 
3 m high, separated by shallow lakes and frequently showing active 
thermokarst activity, form distinctive topographic features. Where 
the sand is thick, organic soil is generally between 0.5 and 1.0m 
thick, lakes are less frequent, and swampy bogland is much less 
widespread. East of Brackett River and southeast and east of Fort 
Norman, the monotony of the plain is broken occasionally by sand 
dunes. 

Sediment sources in the east and south are inferred from 
scattered paleocurrent data and general thickening of the sand 
facies in these directions. Incised glaciofluvial landforms, in 
gaps through McConnell Range (Figure 2.6) and adjacent to Mackenzie 
River at the Redstone River confluence, are further evidence that 
the sediment source areas were to the east and south. 

Exposures of the sand are common in the headscarp of active 
and stable bimodal flows along Great Bear River and its 
tributaries. The unit shows a general northwestward thinning except 


where it fills topographic depressions originating in the till 
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surface and preserved through the glaciolacustrine clay. In the 
east, the deposit averages 20 m thick, at km 16.2 10 m, and near 
Fort Norman 5m. A thickness of over 20 m successfully masks all 
evidence of the bedrock valley at km 7. 

Bedding structures are highly variable. The dominant sand 
bedforms are massive, horizontally bedded and laminated, and 
cross-laminated. Draped lamination is common and most often made up 
efediserete saltlandysand=size coal grainss, Thin, shorizontal lenses 
Ormmconesivesmatersale tabularycross—beds ofesand, and’ thin, 
horizontal, pea-gravel lenses are each present in a few sections, 
but they represent an insignificant percentage of the overall sand 
facies. 

The sand is vari-coloured, ranging from yellow-brown, to 
brown, to black. Quartz is the primary mineral, making up between 
70 and 90%, while coal, argillite, and feldspar are secondary. Wood 
fragments are common near the top of the sand section. Quartz 
grains are angular to subangular, while other lithologies vary from 
subangular to subrounded. Moisture contents have an average of 27% 
and bulk unit weights 18.2 KN/m>: The specific gravity of the 
Soitecrains 1592268 “and@the void#ratio.ranges®irom 0e7 tol 08s. 

The textural breakdown of the less than 2 mm fraction gives a 
pure sand classification (Figure 2.9). Gravelly lenses typically 
have up to 15% gravel sizes, with a maximum size of 6 cm and mode of 
less than 1 cm. Widely scattered, presumably ice-rafted clasts are 
as large as 58 cm in diameter. 


The sand is within the permafrost zone, except beneath deep 
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lakes. The upper 3 to 10 m are within the zone of annual 
temperature fluctuation, and, depending upon the nature and 
thickness of organic soil cover, the active layer varies from 0.3 to 
5 m thick. Pore ice is the dominant permafrost facies; vertical ice 
veins up to 2 cm thick are also present, but these are rare and 
zones containing them have not been assigned to any specific 
permafrost facies. Pore ice alone is sufficient to saturate the 
sand at its in situ void ratio, and any degree of shaking liberates 
abundant excess water. The sand is commonly thaw unstable. Natural 
slopes are generally 28 to 34°; precipitous slopes ranging up to 38° 
occur along much of Great Bear River, especially on the left (north 


facing) valley wall. 


Wisconsin - Glaciofluvial Sand and Gravel 

Glaciofluvial sediments were not examined by the writer. The 
following brief discussion is based on data from consulting reports, 
government sources, and airphoto interpretation. 

Glaciofluvial sand and gravel occupy lowland gaps which 
traverse McConnell Range adjacent to inflowing rivers such as the 
Great Bear, and St. Charles and Big Smith Creeks (Figure 2.6). The 
kettled plains and terraces of the original landform are deeply 
incised. Evidence from immediately north of St. Charles Creek shows 
the coarse material was redeposited a short distance downstream, and 
sections along the Great Bear River show what is assumed to be the 
same material intercalated with glaciodeltaic sand. The deposits 


are composed of approximately equal quantities of sand and gravel 
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and give a Unified Classification of GW. They lie within the 
permafrost zone, and the impoundment of small lakes in kettles and 


in abandoned channels suggests the deposits contain ground ice. 


2.5  Geomorphic Development 

The earliest geomorphic record is the erosion and partial 
Pullinerot vatvalley in@lertidary bedrock at km 7. “Insufficient ‘data 
are available to establish the local trend of this buried valley; on 
a regional scale, however, it is likely contiguous with the ''Hare 
Indian - Mackenzie Trench'' reported by Mackay and Mathews (1973). 
Attempts to date basal (alluvial) sediments lying in the valley on 
the basis of microflora are inconclusive. The presence of Alnus and 
cf. Ilex indicate the sediments are at least Tertiary, but the 
general lack of Tertiary taxa suggests Pliocene-Pleistocene Age! 

Deltaic deposits underlying glacial till at km 45 testify to 
a lacustrine phase prior to the last Wisconsin glaciation, and 
probably relate to deglaciation of an earlier glacial period. They 
were found to be barren of organic material and therefore could not 


be dated. 


Flutings east of McConnell Range (Figure 2.6) indicate that 


lyopkins, W.S. Jr., 1977 personal communication. Identification of 
microflora revealed the following taxa: "Pleuricellaesporites, 
Lycopodium, Selaginella, Osmunda, Laevigatosporites, Verruco- 
sisporites, Sphagnum, Pinaceae, Tsuga, Glyptostrobus— Taxodium, 
Sequoiapollenites, Liliacidites, Nuphar, Fibulapollis, 
Orbiculapollis, Aquilapollenites, Wodehouseia, Castanea-Type, 
tKurtzipites, Alnus, cf. Ilex. 
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the Classical Wisconsin Laurentide ice sheet entered the region from 
the southeast, but bifurcated east of McConnell Range (Hanley and 
Hughes, 1973). One lobe continued northwest in an arcuate pattern 
north of Mahoney Lake. The second lobe crossed McConnell Range and 
flowed northwest along Mackenzie Valley as far as Beavertail 
Mountain where the two lobes merged again and continued in a 
northwest direction (Mackay and Mathews, 1973). This last Wisconsin 
advance reached its maximum against the mountain front approximately 
14,000 years ago (Hughes, 1969; Prest, 1970). 

Large ice-dammed glacial lakes, occupying consequent valleys 
along the eastern front of Mackenzie Mountains, coexisted with the 
glacial maximum (Hughes, 1969). Ice-marginal channels indicate 
these glacial lakes stood at elevations greater than 300 m. During 
early retreat, the channels probably fed into a major meltwater 
system, which ultimately followed Mountain River into a glacial lake 
southwest of Fort Good Hope (Hughes, 1970; Mackay and Mathews, 
1973); later the channels ended immediately north of MacKay Range, 
depositing coarse deltaic or outwash sediments east of Little Bear 
River. Retreat was accompanied by a steady decrease in lake level 
to an elevation of 150 m, where strandlines formed and below which 
glaciolacustrine sediments are widespread. 

Near Sans Sault Rapids, equivalent lake-basin sediments show 
a gradational change to an overlying deltaic facies (Mackay and 
Mathews, 1973). In the Great Bear River area, however, this contact 
is abrupt, as described in Section 2.4.4, and may indicate that 


failure of an ice dam caused a sudden alternation to deltaic 
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sedimentation. Subtle differences in the elevation of 
glaciolacustrine sediments along the Mackenzie near the mouth of 
Little Bear River, and the presence of stream channels and 
strandlines near the mouth of Little Bear River as shown on Figure 
2.6, suggest the ice dam was coincident with the glaciofluvial 
sediments east of Little Bear River in Mackenzie Plain. After 
breaching, glacial lakes above and below the barrier coalesced and a 
continuous body of water extended from the Ramparts-Ontaratue divide 
(Mackay and Mathews, 1973) to the area of the present Keele and 
Redstone River confluences with Mackenzie River. 

Mackay and Mathews (1973) estimate that ice dams in the Fort 
Good Hope area had disappeared, and that the relative stability of 
ice-marginal conditions had become established at el. 95 m 


approximately 11,000 to 11,500 eas Means > Ope S5 me Oe) Gh sac 


reasonable estimate of when the ice dam near Little Bear River was 
breached, a minimum differential isostatic depression of 20 to 25 m 
was requisite to have maintained deltaic conditions in the Great 
Bear River area. This is considered reasonable in relation to the 
differential established across the basin (Section 2.4.4), and 
elsewhere in the area (Craig, 1965). 

During this period, the ice front lay immediately east of 
McConnell Range and meltwater discharged through gaps now occupied 
by Great Bear River, and St. Charles and Big Smith Creeks (Prest, 
1970: Hanley and Hughes, 1973). As the lake level fell, deltas 
adjacent to Mackenzie River near the mouths of Keele and Redstone 


Rivers, and deltas and outwash plains in the valleys through 
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McConnell Range became incised, and the new deltaic facies began to 
prograde as much as 30 m below the last. Systematic downcutting at 
the outlet, coupled with decelerating isostatic readjustment in the 
basin, facilitated northwestward progradation of the deltaic front. 
The shallow water environment, copious sediment supply, and 
abundance of uniform, fine to medium sand, derived from Cretaceous 
sandstones, combined to produce a fan-delta morphometry similar to 
the Hjulstrom model (Hjulstrom, 1952; Church and Gilbert, 1975). 

As the ice retreated east of the McConnell Range, meltwater 
supply waned and became concentrated in Great Bear River. The river 
was established in its present course east of McConnell Range as 
early as 10,900 years ago (Craig, 1960; Prest, 1970), but wood 
fragments from gentle tabular cross-beds in the sand section at GB27 
(Appendix A) indicate deltaic sedimentation continued in the central 
Mackenzie Plain after 10,600 Gas years REP e It seems likely 
terrestrial conditions were established at el. 100 m in this area 
approximately 10,000 years ago, and further downcutting was in 
proportion to the outlet near Fort Good Hope as discussed by Mackay 
and Mathews (1973). A radiocarbon date reported by Roggensack 
(1977) indicates that the lake level had fallen to approximately el. 
70 m by 3,290 cl4 years B.P.; and, wood fragments in colluviun, 
near the base of a stable, re-frozen bimodal flow at the proposed 


Arctic Gas Crossing site, indicate Great Bear River was incised 


lBlake, W. Jr., 1976, personal communication. Geological Survey of 
Canada, Radiocarbon Sample Number 2328. 
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below approximately el. 68 m by 2,670 Grd years BaP aan 

Glaciodeltaic sand in the uplands over Mackenzie Plain was 
locally modified by wind action shortly after terrestrial conditions 
were established, and before extensive vegetation cover developed. 
More recent modifications to upland topography have resulted from 


repeated aggradation and degradation of permafrost. 


2.6 Selection of Field Instrumentation Site 

On the basis of geological investigations reported in the 
foregoing sections, km 7.2 on Great Bear River emerged as the most 
suitable site for the in situ study of naturally occurring creep 
processes. 

The location is near the thalweg of a buried valley. This 
topographic low was preserved after Wisconsin glaciation, and 
received an anomalously large thickness of fine-grained sediment 
when glacial lakes became impounded in the area. The sediments are 
presently within the permafrost zone and constitute a reticulate ice 
facies. They are overlain by a thick deposit of glaciodeltaic sand 
in the uplands, but they lie beneath a thin layer of organic soil on 
the steep slopes of the Great Bear River Valley. 

The location is also on the proposed Canadian Arctic Gas 
pipeline route. In 1974, the Canadian Arctic Gas pipeline 
application was before the National Energy Board, and problems of 


naturally occurring creep were of central concern to the applicant. 


lBlake, W. Jr., 1977, personal communication. Geological Survey of 
Canada, Radiocarbon Sample Number 2488. 
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As a result of these factors, a cooperative programme between 
the University of Alberta and Northern Engineering Services Limited 
was conceived in order to thoroughly investigate naturally occurring 


creep properties in ice-rich, fine-grained permafrost soil. 
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TABLE 2.1 
Guide to the location of drillholes and measured sections along 


Great Bear River 


LOCATION - KILOMETRE ATION METR SOURCE 
CODE LOCATION NEAREST TOP OF S-Section 
ALONG RIVER RIVER SECTION OR DH-Drillhole 
LEVEL DRILL COLLAR Rp-Consulting 


CR DH N74-304 


CR. DH N74-307  _ 
CR_DH_ N74=-308 


S WS-73-3 
S WS-73-4 
|S WS-73-5 


|s AR-73-5 


S$ AR-73=6 
Siws=73 10 


Se ee 


S WS-73-15 


SaWS=f 3050 eee 
S_ WS-73-24 


|S_AR-73-8 
| |SwAr=73-8 
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TABLE 2.1 continued 


Guide to the location of drillholes and measured sections along 
Great Bear River 


LOCATION - KILOMETRE ELEVATIONS (METRES SOURCE 
CODE LOCATION NEAREST TOP OF S-Section 
ALONG RIVER RIVER aN a . DH-Drillhole 


__UNKNOWN 
UNKNOWN sd. L 
UNKNOWN _—s—s | CR_DH C32FN8 
UNKNOWN _—S*<{ CR:- DH 110 
reine 
452 
LFN14 
1 465 
461 
522 
M14 
M18 
| 1 R11 
CR DH R21 ae | 
|_CR DH R22 


CR_DH R20 


CR DH R207_ 


CR_DH R208 


CR DH R209 a 
CR DH R210 


CR_DH R201 
CR DH R202 ut 
CR_DH R203 


CRIDHSR2O4 
CR_DH R205 
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TABLE 2.2 


EXPOSED BEDROCK FORMATIONS IN THE GREAT BEAR RIVER AREA 


PERIOD 
OR 


FORMATION AND 
EPOCH MAXIMUM THICKNESS LITHOLOGY 


Gravel, conglomerate, sand, sandstone, minor 
EOCENE ? | UNNAMED beds of coal; nonmarine 


CENO - 
ZOIC 


LITTLE BEAR AND EAST FORK FMS, Sandstone, shale, minor coal; marine and 
re) oh GU J|undifferentiated: 300+ nonmarine 
|) & 
> 2 Disconformity 
n Ee 
S oe SANS SAULT AND SLATER RIVER FMS, Shale, sandstone, local conglomerate at base; 
oO undifferentiated: 760 marine 


Unconformity 


IMPERIAL FORMATION 1,100 Shale, sandstone, minor limestone; marine 


Conformable Contact 


CANOL FORMATION 90 Shale, black, gi l4eeoua, Pirani actus: marine 
Disconformity 
HARE INDIAN FORMATION 130 Shale, minor siltstone and limestone; marine 


Conformable Contact 


HUME FORMATION 170 | Limestone, fossiliferous; minor shale; marine 


Disconformity 


Dolomite, dolomite solution-breccia, anhydrite 
BEAR ROCK FORMATION 300 and gypsum; marine. Equivalent to the Camsell, 
Arnica and Landry Formations, jointly 


Relationships Uncertain 


Dolomite, partly sandy or argillaceous; sand- 


UNNAMED 200(?) stone, dolomitic; marine. Equivalent to the 
Delorme Formation. 
Unconformity 
Dolomite, fossiliferous, siliceous; minor 
MOUNT KINDLE FORMATION 310 chert; marine 
Unconformity 


"Cherty member": dolomite, chert, drusy quartd 
marine 
"Rhythmic member": alternation of very finely 
erystalline dolomite with finely to medium 
crystalline dolomite; marine 
FRANKLIN MOUNTAIN FORMATION "Cyclic member": dolomite, conglomeratic, 

460 stromatolitic, and argillaceous, shaly, marine 
"Basal red beds'': sandstone, red shales, 
conglomerate, dolomite, chert; marine and 
(7?) nonmarine 


Conformable Contact 


Red beds: shale, siltstone, sandstone, salt, 
gypsum, anhydrite, dolomite; marine 


SALINE RIVER FORMATION 841(?) 


Unconformity 


Shale, thin-bedded limestone, sandstone, 
siltstone, marine 


PALEOZOIC 
CAMBRIAN | ORDOVICIAN SILURIAN DEVONIAN 
| MIDDLE | LOWER ca Far alae LOWER MIDOLE vere | 


MOUNT CAP FORMATION 
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SUCCESSION AND LITHOLOGY OF QUATERNARY 
SEDIMENTS IN THE GREAT BEAR RIVER AREA 


LITHOLOGY 


Lon Ses 


Lacustrine clay, silt and sand, 
organic deposits and marl, 
eolian sand, 

alluvium 


PERIOD 
OR 


EPOCH 


Glaciofluvial sand and gravel 


Glaciodeltaic silt, sand and gravel 


QUATERNARY 


CENOZOIC 


Glaciolacustrine silty clay 


Morainic till, and locally sand and gravel 


Alluvial clay and sand 


Deltaic silt , sand and gravel 
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CHAPTER III 


FIELD METHODS AND GEOTECHNICAL PROPERTIES 


OF GREAT BEAR RIVER SOILS 


"Frank, as I have already indicated, had an inventive 
mind. He was always devising gadgets of one kind or 
another, and one winter, during a long spell of fifty- 
below weather, he made himself a stick-pin out of 
Srozensmercurye. GBertonyel954F pp. 193) 


TU Lneroduction 


The site investigation programme had four main objectives: 


be 


The installation of borehole inclinometers to measure in 
situ creep deformations in the ice-rich soils comprising 
the slope. 

The installation of thermistor strings to establish the 
temperature gradient affecting each inclinometer casing. 
The installation of piezometers below the lower 
permafrost table to assess the overall stability of the 
slope. 

To obtain continuous undisturbed cores from each hole in 
order to establish the stratigraphy, to determine basic 
soll properties, and to facilitate detailed laboratory 
testing of deformation properties under simulated field 


conditions. 
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The field work was undertaken as a cooperative programme 
between the Department of Civil Engineering, University of Alberta 
(U of A), and Northern Engineering Services Company Limited (NES), 
acting for Canadian Arctic Gas Study Limited. NES coordinated all 
activities and provided supervisory and technical personnel. U of A 
planned the instrumentation, purchased and assembled the equipment, 
and completed the field installations, and as well provided 
Supervisory and technical support throughout the programme. 

In this chapter, all aspects of the field programme are 
Summarized, and the site surveys, the detailed geology, and the 


geotechnical properties of the soils are reported. 


JeZzerSite Description 

Great Bear River drains Great Bear Lake from its southwest 
end near Fort Franklin, flowing westerly for 115 km to its 
confluence with Mackenzie River at Fort Norman. Its flow is stable 
because of the high ratio of reservoir to catchment area of Great 
Bear Lake and a modest 25 to 30 cm annual precipitation in the 
region. Despite this apparent stability, evidence of ice-jams 
raising water levels 2 to 4 m is common, and during periods of high 
water on the Mackenzie, water levels at Fort Norman rise up to 10m 
above normal and impound water as much as 15 km up the Great Bear 
Valley. 

The proposed Arctic Gas crossing of Great Bear River is 


located at 64° 56' N latitude and 125° 29' W longitude, 
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approximately 7.2 km above the confluence of Mackenzie and Great 
Bear Rivers. On the proposed alignment, both banks are stable 
(Hollingshead and Sowa, 1974). The right bank shows no evidence of 
instability for several kilometres upstream or downstream. Over the 
same reach, the left bank is consistently steeper with abundant 
evidence of instability. Upstream, old multiple retrogressive 
slides completely encompass an abandoned meander terrace, and 
downstream recent slides and bimodal flows are common. The 
frequency of instability along the left bank, coupled with its 
relatively steeper slopes, made it the obvious choice as the field 
site for this study. A topographic plan and cross-section are shown 
in Figures 3.1 and 3.2 respectively. The following description 
refers to the site on the left bank. 

The slope rises at an average of 22 degrees over 46 m from 
the river to local plain level. The steepest portions are near the 
toe and the crest where the slopes are 27 and 31 degrees 
respectively. Black spruce up to 9 m high are widespread, and birch 
and white spruce averaging 8 and 12 m respectively are common at the 
top. Shrubs, including labrador tea and alder, are abundant between 
the river and high water level, in natural clearings, and along 
seismic lines. Reindeer moss and lichens in a layer up to 0.6m 
thick make up the near Rr ate ground cover. 

There is no evidence of erosion by the river at the toe of 
the slope, and a comparative study of aerial photographs between 


1950 and 1975 gives no indication of lateral migration. The high 
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water level is approximately 6 m above the mean summer level and 
within this zone ice abrasion has locally removed the moss and 
lichen sufficiently for thermal degradation of the underlying frozen 
Mineral soil. Such exposed areas are limited in extent and were 
observed to be self-healing within one or two thaw seasons. 

As shown in Figure 3.1, sometime prior to 1974 a seismic line 
was cleared to the top of the slope. Further clearing over the 
upper third was completed in March of 1974 during ‘site investigation 


associated with the crossing design (Hollingshead and Sowa, 1974). 


3.3 Equipment and Materials for the Field Instrumentation Programme 

The programme called for a helicopter-portable, wet drilling 
rig with minimum depth capabilities of 60 m. Dry sampling was to be 
carried out with modified CRREL ice augers at least to the limit of 
fine-grained sediments. Wet sampling was to commence with a 'PQ' 
wire-line core barrel, if and when the dry auger reached refusal in 
stoney sediments, and continued to the desired depth. Stringent 
environmental and technical regulations required the drilling fluid 
to be a non-toxic, biodegradable water-based mud chilled constantly 
to at least -2°C. Inclinometers were to be installed well below the 
deepest ice-rich zone encountered in Quaternary sediments, and 
grouted to the surface with a chilled, low heat of hydration grout. 
Piezometers were to be installed in holes advanced by mud-rotary 
drilling with sampling limited to grab samples. 


This section describes the equipment and materials used for 
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drilling, sampling, and installation of the instruments. Actual 


instument specifications are given in Chapter IV. 


3.3.1 Drill and Support Equipment 

The drill used was a modified Mayhew 200 owned and operated 
by Big Indian Drilling Company, Calgary. The basic machine was 
completely re-designed by Big Indian personnel to satisfy the depth 
and portability requirements of the programme. The modified version 
Waguuenerred tomaswa ew itHelieDrihli500'k 

The rig consisted of two units, each weighing approximately 
1500 kg and fitted with hooks at four specific points to afford easy 
connection to’a helicopter sling, and to ensure it remained in a 
secure horizontal position during suspended transport. The rig is 
shown during assembly in Plate 3.1. One unit was the drill frame, 
which housed the rotary table, draw works, mast assembly and 
drilling engine; the second was the power base on which the mud pump 
and circulation engines were mounted together with a 12 volt 
electric/hydraulic pump and three hydraulic legs for levelling. The 
two motors were Wisconsin VH4D, 30 h.p. air cooled gasoline engines; 
each operated independently. An optional light steel frame and 
nylon reinforced canvas cover (sock) enclosed the rig during 
operation (Plate 3.2). These were dismantled and transported apart 
from the two main units. 

The casing and three types of drill rods used are listed with 


their dimensions in Table 3.1. The '2HIF' rods were used with the 
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modified CRREL barrel and for mud-rotary drilling. 'PQ' rods were 
used with the 'PQ' wire-line core barrel and 'A' rods were required 
to install the inclinometers. The casing was a contingency for 
sloughing sand and/or gravel zones, but was only used for protection 
of the inclinometer installations. 

The support equipment included tanks for holding, mixing, and 
hauling water, a small water pump, and a steel mesh basket. The 
holding tank had a capacity of 1600 1 and was used to store water 
required for mixing drilling fluids and grout. This was fitted with 
a fire-box and smoke stack to prevent freezing. Mixing was 
accomplished through an in-line Venturi mixing hopper and stored in 
a 700 1 mixing tank. All water was drawn from an open channel in 
Great Bear River using a 350 1 tank slung below a helicopter. The 
tank was made from segments of two 200 1 drums. A small water pump, 
powered by a 2 h.p. Briggs and Stratton engine, was used to transfer 
water from the hauling to the storage tank and from the storage to 
the mixing tank. 

The steel mesh basket was used to transport small heavy items 
such as the core extruder, subs, couplings, tools, and the frames 
and sock for the drill, as well as any miscellaneous equipment that 
could not be manually carried between sites. Some drill rods were 


also transported in the basket, but most were slung independently. 
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3.3.2 Sampling and Support Equipment 

Dry coring was carried out with two identical modified CRREL 
ice augers (CRREL barrels) built in the U of A Machine Shop. Each 
was constructed according to specifications reported by Roggensack 
(1977), with the exception that a cutting shoe was added to limit 
abrasion of the fixed cutting foot. The CRREL barrel assembly is 
illustrated in Figure 3.3. The cutting teeth were made in the 
Technical Services Machine Shop, University of Alberta, and were 
also built according to the specifications given by Roggensack 
(1977). Tungsten carbide insert teeth were used exclusively in the 
sand. Oxy-acetylene welding equipment allowed the inserts to be 
adjusted or replaced as necessary in the field. Case-hardened teeth 
were used in the clay and, with limited success, in the till. 

Two identical CRREL barrels were used throughout the project 
in order that drilling operations could continue while core was 
being extruded. This was also a contingency for possible loss or 
damage to one of the devices. 

In hole GB3 a NES CRREL barrel was used. The basic structure 
was similar to the U of A barrel except the former had no cutting 
shoe and used slightly different tungsten carbide insert teeth. The 
NES barrel worked well in till and allowed continuous sampling until 
cobble-size rocks were encountered. 

The presence of large rocks in the glacial till prevented 
continuous use of CRREL barrels. Despite many efforts, a change to 


wet drilling and sampling proved necessary within one or two metres 
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below the clay-till contact in each of the continuously sampled 
holes. A 'PQ' size wire-line core barrel was selected as the best 
device to facilitate continued coring, while at the same time 
maintaining optimum uphole quality for the inclinometer and 
providing the maximum core diameter possible (Hvorslev, 1949; 
Cumming, 1975). 

The 'PQ' wire-line core barrel system was supplied by Big 
Indian Drilling Company. Specifications of the assembly are 
illustrated in Figure 3.4. The core barrel used a tungsten carbide 
insert bit that proved satisfactory in all lithofacies except the 
glacial till where considerable time was lost cutting through large 
rocks. 

The inner barrel was fitted with a basket type core catcher 
and plastic liners. Use of the liners was discontinued because of 
difficulties in extruding the sample, and because on one occasion 
the liner buckled during coring. The reason for this problem 
remains unclear despite the fact that the sizes of the bit, core 


catcher, and liner were measured and found to be compatible, and 


great care was taken to ensure correct assembly prior to each coring 


run. Notwithstanding the possibility that the liners and bit sizes 
were in some way incompatible, it is assumed that the step 
temperature introduced by fluid circulation and/or stress release 
caused expansion in the sample between the times of cutting and 
entry into the liner. 


An hydraulic extruder, with adaptors for the CRREL and inner 
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'PQ' wire-line core barrels, was built by Western Hydraulic and 
Machine Limited, Edmonton. Power was supplied from an electric-— 
hydraulic pump used for the drill rig levelling system, but the 
extruder was fitted with independent controls. The stroke of the 
ram was 90 cm, which was sufficient for most dry cores. Plugs 40 cm 
long were built to accommodate the extra length of the 'PQ' cores, 
although without the plastic liners most of these were extruded by 
gravity after removal of the inner barrel shoe and core catcher. 
Trays made from large diameter PVC pipe were used to hold and 
support the cores during visual inspection and photo logging. Each 
core was double wrapped in polyethylene sample bags, and stored and 


transported in one of the two types of boxes illustrated in Figure 


Sas 


3.3.3 Helicopters 

A Bell 204B helicopter was used to move all heavy equipment 
during mobilization from the Fort Norman air strip and operation at 
the site. The machine had a rated lifting capacity of 1800 kg and 
the cold ambient air temperatures during the programme made this a 
practical operating maximum, although attempts were made not to 
exceed 1600 kg in any haul. A Bell 206B with an external load 
capacity of 630 kg was used for ferrying personnel and slinging 
water and other light materials. Both were owned by Associated 
Helicopters Limited, Edmonton. The 204B was based in Norman Wells 


and the 206B in Fort Norman throughout the programme. 
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Bode Danll ngeluid 

In order to realize the sampling and instrumentation 
objectives of the field programme, the mud system had to comply with 
environmental regulations and satisfy several technical problems as 
well as the basic functions of a drilling fluid. Environmental 
regulations prohibited the use of oil-base muds because of the 
proximity of Great Bear River. In addition, the fluid had to be 
non-toxic and biodegradable since the only practical means of 
disposal was to discharge it near each site. The salient technical 
requirement was that mud be maintained at or below -2°C in order to 
minimize in situ thermal disturbance, recover high quality ice-rich 
core samples,°and maintain the stability of the ice and soil 
comprising the walls of the hole. Secondary technical 
considerations were that the mud chemicals should in no way corrode 
or otherwise degrade the ground ice, and that it should have 
filtrate capacity for zones where water loss was anticipated. 

The mud system selected was developed with the assistance of 
Baroid of Canada Limited, Calgary. The basic components were KCl 
(potash), Aquagel and/or Zeogel, Kelzan XC-Polymer and Drispac. The 
proportions of each and the resulting standard properties of the mud 
are given in Table 3.2. 

The use of KCl provided freezing point depression according 
to the relationship in Figure 3.6. It was considered superior to 
NaCl because it was much less corrosive. 


Aquagel and Zeogel are trade names for sodium bentonite and 
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attapulgite respectively. When in contact with water, these 
colloidal size clay minerals readily hydrate (yield) to form stable 
colloids which then dominate the viscosity and gel strength 
properties of the mud. Aquagel was the principal clay used for the 
programme, and since it does not yield in brine solutions it was 
prehydrated in fresh water before the KCl was added. Zeogel 
hydrates to a stable suspension in salt water, and was added to mud 
already in use. 

Kelzan XC-polymer, an industrial grade xanthan gum, is a high 
molecular weight linear polysaccharide. Water solutions of this 
polymer are extremely pseudoplastic; once the yield point has been 
exceeded the viscosity is inversely proportional to the amount of 
shear. Total viscosity is recovered almost immediately upon the 
release of shear. The solutions are unaffected by high 
concentrations of salts with monovalent cations, and show no 
viscosity alteration in sub-zero temperatures. Use of this additive 
allowed viscosity in the annulus to be controlled without adversely 
affecting the penetration rate, which is dependent upon viscosity at 
the bit. It also increased the yield point, which was important in 
order to suspend cuttings during periods of non-circulation when the 
core was being withdrawn. 

Drispac is a high molecular weight polyanionic cellulosic 
polymer, which is much less degradable than Kelzan polymer. Many 
properties of the two additives are common, but of particular 


importance in the Drispac is its ability to control water loss. In 
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any water-based mud, regardless of salinity, it forms a thin 
impervious filter cake over porous zones to prevent fluid 
intrusion. At the Great Bear River site it was used for three 
important reasons: first, simple control of water loss reduced the 
cost of hauling water and minimized the mud requirements of the 
programme; second, because river-section observations had indicated 
the site was over a buried river channel, pervious ice-poor zones 
were expected; third, overall control of fluid intrusion assured 
optimum hole condition for the inclinometer. 

The likelihood of thief zones was anticipated, but no special 
materials were acquired at the outset. When the problem developed 
repeatedly and thick slurries of Aquagel and Drispac were 
ineffective in recovering circulation, sawdust and bran additives 
were used. When these also proved ineffective, bentonite balls, 
made by hand from Aquagel, were poured into the hole from the 
surface. This technique was only moderately successful. Finally, 
Kwik-seal, a commercially available expansive plastic sealant was 
obtained and used successfully whenever circulation problems 
developed. 

Support equipment included a Venturi mixing hopper which was 
used in-line with the mud pump and mixing tank as shown in Figure 
3.7. All components were added through this in order to reduce the 
difficulty and time required for mixing. Other accessories included 
a mud balance and Marsh Funnel used to measure the density and 


viscosity of the mud respectively. The mud temperature was checked 
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frequently with a pocket thermometer. 


Seo, oecrout 

Grout for the inclinometer casings had to satisfy stringent 
technical requirements, some of which were similar to those of the 
drilling fluid. It had to be placed and set under sub-zero ambient 
temperature conditions in order to prevent melting of ice in the 
walls of the hole. Similarly, it had to set without excessive or 
sustained liberation of heat from the hydration process. The curing 
time had to be rapid because the rig or other heavy objects could 
not be allocated as ballast on the buoyant casing for more than a 
few hours. Finally, it was essential that the volume expansion 
during set be minimal to avoid casing deformations or twist and to 
limit the introduction of anomalous stresses to ice-rich sediments 
around the orifice. 

A cement meeting these requirements had been developed for 
oil exploration in the Mackenzie Delta and was available under the 
trade name ''Permafrost Cement" from Haliburton Services Ltd., 
Edmonton. This is basically a gypsum-based cement with 
freezing-point depression to approximately - 6.7°C, and a minimum 
two hour pumping time and minimum 16 hour compressive strength of 
72.5 kPa at this temperature. Expansion during hydration is limited 
to 0.1 to 0.3% and the heat liberated is only 41.9 J/gm compared to 


214.2 J/gm in high aluminate cement Alternativess 


1 McDonald, D., Halliburton Services Ltd., Edmonton, Alberta, 
personal communication, December 1976. 
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Assuming the most critical condition occurs when the grout is 
in contact with ice, it is a relatively simple exercise to show that 
the melted annulus around the grout in a 'PQ' size hole containing 
an empty inclinometer casing is slightly greater than 5 mm on the 
radius. This assumes the ice and grout temperatures are O°C and the 
conduction of heat into the surrounding sediments is negligible. 
Since only random ice structures were expected at the site, it was 
considered that this amount of local melting would have no adverse 
effect on the installation. However, to provide an extra heat sink 
during set, diesel fuel, chilled to approximately -7°C, was added to 
the empty casing as soon as the attached thermistor strings 
indicated hydration had begun. In the short term the diesel fuel 
also reduced the buoyancy of the casing, and in the long term it 
prevented the build up of ice crystals inside and acted as a 


lubricant for the inclinometer. 


3.4 Drilling and Instrumentation Programme 
3.4.1 Mobilization 

Equipment and supplies were assembled in Calgary and Edmonton 
before being shipped by truck to Fort Simpson, N.W.T. on March 13 
and 14, 1975. On March 16 and 17 they were airlifted to Fort Norman 
in three separate trips with a Bristol Freighter aircraft chartered 
from Norcanair of Prince Albert, Saskatchewan. All material was 
off-loaded at the Fort Norman Airstrip with a forklift D6 


caterpillar hired locally. On March 18 it was staged by 204B 
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helicopter to the first drill site (GBl), which was designated as 
the staging area for the entire programme. The drilling equipment 
was placed over the first hole during this move. 

All fuel for the programme had been obtained in Norman Wells 
and cached at the Fort Norman airstrip earlier in the winter. 
Gasoline and diesel fuel required for day to day operation were 
slung by helicopter to the site as needed. Refuelling and routine 


maintenance of the helicopters were carried out at the airstrip. 


3.4.2 Hole Location and Site Preparation 

Holes GBl, 1A and 1B were located around site GB7 (Appendix 
A) at the top of the slope; GB2 and GB3 and 3A were located on the 
only two reasonably level benches between the crest of the slope and 
the river (Figure 3.1). The number two and three sites were checked 
by hand level in relation to GB6 and GB7 to ensure that at least 
several metres of glaciolacustrine clay would be present, and then 
clearing was begun. 

As shown in Figure 3.1, a large clearing was present at the 
top of the slope prior to commencement of the programme. However, 
in order to accommodate the equipment and supplies, as well as the 
trailer and tents, while leaving enough hovering and landing area 
for the helicopters, it was necessary to expand the cleared area 
significantly. This was completed by several local residents 
between March 13 and 16. Later the same personnel cleared the 


second and third sites. Snow was removed from the number one site 
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by a D6 Caterpillar which was hired in Fort Norman and walked to the 
site via 9 km of seismic trails. Snow was removed by hand from the 


second and third sites. 


32453, Drillingsand- Sampling 

Field logs summarizing the drilling and sampling records are 
given in Appendix B. The stratigraphy appearing with these data is 
improved following laboratory examination and testing of the 
samples. The remainder of this section is devoted to a brief 
discussion of the drilling and sampling schedule and methodology. 

All operations were carried out around the clock with two 
twelve hour shifts, each composed of a minimum of one geotechnical 
engineer, one technician, one driller, and two driller's helpers. 
Rotations were made between 07:00 and 08:00 hours, and 19:00 and 
20:00 hours. While wet-drilling operations were underway, water for 
night shift operations was hauled immediately after the night shift 
reached the field; during the day shift, water was hauled as 
required. Routine maintenance of the rig and support equipment was 


shared between shifts. 


Hole GBl 

Drilling activities commenced in hole GBl (Figure 3.1) on 
March 20, 1975. A hole approximately 30 cm in diameter was advanced 
20 cm to facilitate easy mounting and disconnection of the CRREL 


barrel below the rotary table. Coring was straightforward to a 
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depth of 5.8 m using tungsten carbide insert teeth. After an 
unusually long run to this depth, the CRREL barrel became frozen in 
because of the accumulation of cuttings above it. A solution of KCl 
and later several litres of clean water were added to soften the 
cuttings. When coring continued, the fluid and sand cuttings 
quickly formed into a slurry which prevented core entry. To 
overcome this problem, it was necessary to perforate the top of each 
barrel to allow the fluid to escape as the sample entered. The 
slurry also occupied the inside clearance area of the barrel where 
it dilated during extrusion, generating very high shear stresses and 
causing difficulty in recovering the sample. Under these 
circumstances,-it was necessary to combine pulsating force on the 
extruder, tapping the barrel with a hammer and intermittently 
heating the barrel with a torch. Such practice, together with the 
corrosive nature of the fluid adversely affected sample quality over 
the next 7 m, until most of the slurry had been bailed in successive 
coring runs. To prevent the freeze-in problem a practice of reaming 
the hole with a 15.9 cm diameter wing bit every 3 to 5 m was 
adopted, and individual coring advances were limited to between 0.5 
and 0.7 m (approximately two thirds of the capacity of the CRREL 
barrels). In addition, the barrels were washed completely with 
water after each run to remove any frozen slurry and cuttings that 
could impair recovery and extrusion, or cause sample breakage 
because of torsional shear stresses after cutting. These procedures 


enabled superior recovery and sample quality through the remainder 
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of GBl as well as GB2 and GB3 where dry coring techniques were used. 

A thin pebble layer at 21.5 m caused no difficulty because 
the inclusions were small and friable. Case hardened steel teeth 
were mounted and coring was continued without difficulty through the 
clay. The length and coherence of each core was optimized by 
allowing only a fraction of the weight of the drill rod string as 
down hole pressure. 

While pulling core 61, which had reached a depth of 36.9 m, a 
hammer was accidently dropped down the hole. An attempt was made to 
continue tripping slowly enough that the hammer would not bridge the 
hole, but this was unsuccessful and the CRREL barrel had to be 
twisted by it at 18.3 m, which badly damaged the flites and resulted 
in loss of the hammer head. After core 61 was extruded an attempt 
was made to recover the object with the damaged barrel. 
Approximately 20 cm of core were cut as a plug, but the hammer head 
was not recovered and both CRREL barrel teeth were lost. The fact 
that the head was missing suggested it had been pushed to the side 
of the hole, and on this basis a changeover to the 'PQ' system was 
made in order to continue sampling without concern for dislodging 
the object or damaging the last CRREL barrel. 

The 'PQ' core barrel and drill rods had been set to the 
bottom of the hole and approximately 2000 1 of drilling mud had been 
added before fluid loss to the gravel layer at 21.5 m was 
recognized. In an attempt to gain circulation, the core barrel was 


pulled to 24 m, and heavy mud with sawdust and bran additives was 
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circulated. When this proved unsuccessful, bentonite balls were 
prepared at the surface and dumped down the hole in a water slurry. 
Thvs was a successful ‘sealant’; but ‘caused! the sand at 11 m to 
slough, and by the time the drill stem could be pulled above this 
zone circulation had been lost again. With the ability to continue 
the hole and its ultimate suitability as an inclinometer 


installation in question, the site was abandoned. 


Hole GB1A 

The rig was moved approximately 8 m south and drilling 
resumed on March 25, 1975. Since it was necessary to recover a 
portion of the. time lost, and because the two holes were close 
together, GBlA was advanced by mud-rotary drilling, almost to the 
level GBl had reached, before sampling operations commenced. The 
viscosity and filtrate components of the mud were increased shortly 
before reaching the gravel layer, and as a result, no circulation 
problems developed. However, as the mud weight began to increase 
naturally through the clay, it was necessary to watch the fluid 
temperature closely for anomalous increases associated with 
circulation. 

Coring with the 'PQ' system commenced at 31.7 m and had 
reached 34.8 when circulation was lost to the gravel layer at 
20.5 m. After several unsuccessful attempts to seal the zone by the 
methods outlined in GBl, Kwik-seal, which had been brought from 


Edmonton as soon as the problem was recognized, was used with 
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immediate success. Since no further time loss could be afforded, 
sampling operations were discontinued and the remainder of the hole 
was advanced with a 15.9 cm diameter wing bit. 

The required depth was reached at 05:50, March 28, 1975. The 
hole was flushed with approximately 500 1 of light mud immediately, 
and approximately the same volume four hours later when mud rings 
began to form. The inclinometer casing and an attached thermistor 
string were installed between 13:00 and 15:00 the same day. 
Approximately 1000 1 of cold water were pumped through the grout 
system to displace as much of the mud in the hole as possible. 
Grouting followed immediately and pumping continued until all 
drilling mud and water had been displaced and the grout flowed 
cleanly at the surface. A significant amount of grout above 20.5 m 
was lost to the gravel bed immediately. A 4m section of steel 
casing was pushed to 3 m leaving 1 m above ground to protect the 
exposed inclinometer casing. Ballast was applied to the 
inclinometer casing and the rig moved to GB1B on March 28, 1975. On 
March 30, 1975, the hole was again grouted to replace what was lost 


to the thief zone at 20.5 m during initial grouting. 


Hole GB1B 

The first piezometer installation was drilled to 40.5 m by 
mud-rotary advance on March 29 and 30. It was assumed on the basis 
of preliminary thermistor readings from GB1A, together with a 
reasonable estimate of remaining thermal recovery, that this depth 


would be several metres below the lower permafrost table. A 15.9 cm 
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diameter wing bit was used to 35.4 m where a concentration of 
boulders in glacial till necessitated a change to a 12.1 cm diameter 
rock bit. Circulation problems were encountered in the gravel zone 
but were quickly overcome with increased mud weights and the 
Kwik-seal additive. The piezometer assembly was installed and 
grouted between 09:00 and-10:45 March 30, 1975, with the tip at a 
depth of 40.4 min glacial till. Approximately 200 1 of grout were 
placed above the piezometer as outlined in Section 3.6.2, and the 
remainder of the hole was filled with sand from the surface. The 


rig was dismantled immediately and moved to GB2. 


Holes GBzZ 


The site for the second inclinometer was located on a bench 
near mid-slope, only a short distance below GB6. The hole was begun 
on March 31, 1975,in clay. Two CRREL barrels with case hardened 
steel teeth were used to 13.54 m, where bouldery till necessitated a 
change to PQ coring. Many thick zones of segregated ice were 
encountered in the clay, and despite great care during drilling and 
extrusion most of the ice was cloudy (fractured, but coherent) or 
completely broken. This problem was much more severe here than at 
any other site where the CRREL barrels were used. 

'PQ' coring was used intermittently with a 17.07 cm diameter 
rock bit in the upper 4.5 m of till because of the presence of large 
boulders and the inability of the 'PQ' carbide insert bit to cut 


through them at a reasonable rate of progress. An attempt was made 
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to use the plastic liners with cores 24 and 25; however, these 
either buckled as the sample entered or caused great difficulty in 
extrusion, and therefore their use was discontinued. No large 
boulders were encountered below 20.90 m, which allowed wet coring 
and continuous sample recovery from the lower part of the till 
through interbedded clay, sand, and coal, and into the local 
bedrock. The required depth was reached at 09:20 on April 3, 1975. 

The 'PQ' core barrel and drill rods were pulled immediately 
and '2HIF' stem with a rock bit feat Th to the bottom of the hole in 
order to complete the light-mud flushing. These were tripped at 
11:45 and the installation of the inclinometer casing and two 
thermistor strings was carried out between 13:45 and 15:15. Soon 
after several lengths of casing had been installed, it was noticed 
that the axes were skewed slightly from true downslope and 
transverse to slope directions. No attempt was made to correct the 
orientation because spiralling and possible casing breakage were 
considered to be much more serious problems. Approximately 400 1 of 
fresh water were pumped through the grout system at 15:45 and the 
grout was placed immediately after. A 4m section of steel casing 
was pushed to 3 m and ballast was applied at 17:00. 

After completion of GB2, the drilling rig and most equipment 
were used on a separate project in the same area for a period of one 
week. Operations resumed on April 11, 1975 when drilling commenced 
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Hole GB3 

The last inclinometer site was located on a narrow bench 
approximately two thirds of the way down the slope. The drill rig 
was placed on reasonably level ground, but all support equipment 
such as the tanks and drill stem had to be placed on timber cribs. 
Drilling began in clay, and sampling was carried out with two CRREL 
barrels according to the methods outlined in GBl and GB2. One of 
the barrels, EST ay. suppiaedaby NES, was used in the till until 
large inclusions were encountered. This happened at 7.62 m, and a 
changeover to the 12.1 cm diameter rock bit and mud rotary drilling 
was made immediately. After advancing through the till an attempt 
was made to continue with the PQ coring system. However, the 
penetration rate was too slow and the hole had to be continued with 
a 12.1 cm diameter wing bit. The required depth of 28.4 m was 
reached at 14:45 on April 12, 1975. The hole was flushed with light 
mud before the drill rod string was tripped. Installation of the 
inclinometer and thermistor string was carried out between 15:30 and 
16:15. Approximately 300 1 of fresh water were flushed through the 
system at 16:30 and placement of the grout followed at 16:45. A4m 
section of steel casing was pushed to 3.5 m and ballast applied at 


17:45. The drilling rig was quickly dismantled and moved to GB3A. 


Hole GB3A 
The final piezometer installation was located approximately 
3 m southwest of GB3 on the same narrow bench. The hole was advan- 


ced to a total depth of 30.8 m by mud rotary drilling on April 12 
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and 13, 1975. A 12.1 cm diameter wing bit was used to approximately 
6.0 m and between 15.5 to 30.5 m, while a 12.1 cm diameter rock bit 
was used in the boulder rich till between 6.0 and 15.5 m. The 
piezometer equipment was installed and grouted between 09:30 and 


LO OmonwApe ligt Sa. 975 Aiweth &the tip iplaced uat 430 55m: 


Demobilization to a staging yard at Fort Norman followed immediately. 


3.5 Sample Handling and Logging 

After each coring run drilling depths were recorded so that 
depths to the top and bottom of the core and percentage recovery 
could be accurately assigned. Cores were extruded directly into PVC 
holding trays and taken to a preparation area for examination and 
photo logging. Cores obtained during wet drilling were wiped to 
remove as much mud as possible (Plate 3.3). Visual inspection and 
the preparation of field logs involved scraping only enough of the 
core to identify the lithology and structure as well as ground ice 
characteristics and distribution. The remaining smear was then 
redistributed to cover the scraped area and the sample placed in a 
polyethylene bag. The core number and true top and bottom drilling 
depths were inscribed on the bag, air was sucked out, and the excess 
twisted, doubled over and taped near the ends of the core. A label 
showing the same basic information was taped near the centre of the 
core. It was then placed inside a second polyethylene bag which was 
also deaired and tied at each end before being wrapped in corrugated 


cardboard for packing and transport. 
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Wrapped samples were packed in snow inside insulated boxes in 
order to maintain a reasonably constant sub-zero temperature and a 
high vapour pressure. Once filled, the boxes were topped with snow 
before being securely closed. U of A containers were sealed with 
room-temperature-vulcanizing (RTV) silicone-rubber caulking compound 
to provide extra insulation around the lids. Full containers were 
stored in the shade or buried in snow until they could be taken by 
helicopter to Norman Wells. From there they were shipped ''Priority 
Air Freight" on Pacific Western Airlines to cold storage laboratories 
at either the U of A or NES Engineering and Environmental 
Laboratories, Calgary. 

Samples arriving at the latter facility were immediately 
unpacked, photographed, catalogued, repacked in polyethylene bags 
and stored in several different freezers. Those arriving the U of A 
were left in field wrapping and placed in several different freezers 
until detailed logging was started several months later. This was 
carried out in specially equipped cold rooms and involved several 
steps. First, cores were trimmed at each end perpendicular to the 
axis to obtain samples for textural analysis and the evaluation of 
basic engineering properties. The stratigraphy and nature of 
visible ground ice were described in detail, and the new 
measurements of core lengths and the dimensions and orientation of 
ice structures were recorded to facilitate a quick reference for 
planning the various testing requirements. Finally, the cores were 


sprayed with a light film of distilled water, wrapped and taped in 
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"Saran Wrap'', wrapped in deaired polyethylene bags, and returned to 
freezers for storage. In order to complete the detailed logging, 
samples stored in the NES laboratories were examined in the same way 


during the winter and spring 1976. 


3.6 Instrument Installation Procedures 
3.6.1 Inclinometers and Thermistor Strings 

The inclinometer casing, accessories and assembly tools were 
obtained directly from Slope Indicator Company (SINCO), Seattle, 
Washington. Specifications for all parts of the inclinometer system 
are given in Section 4.4.3. The grout shoe shown in Figure 3.8 was 
fabricated in the U of A, Machine Shop. 

The string of inclinometer casing required for each hole was 
partially assembled several hours prior to installation to save time 
and reduce the risk of alignment errors. A large tent in the 
staging area at the top of the slope was used for this purpose. It 
was equipped with a diesel-fuel stove capable of holding the inside 
temperature at approximately 12°C. All materials were warmed in the 
tent before preliminary assembly was begun, and the temperature was 
maintained up to the time of installation to assist curing of the 
ABS cement. 

In the preliminary assembly, the bottom of the lowest ABS 
section was trimmed immediately above the coupling recess, the grout 
shoe fitted inside, drilled in eight places and both surfaces were 


smeared with cement before being refilled and riveted in the 
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pre-drilled holes. At the opposite end a coupling was cemented and 
riveted in four places. The alignment tool was fitted into a pair 
of grooves inside this end of the first segment and its holding line 
was run through the inside of the second length of casing. While 
holding the line securely a pair of grooves on the second section 
was fitted over the tool and the new casing was pushed into position 
inside the coupling already attached to the first section. Four 
holes were drilled through the coupling and the casing section while 
the two segments were held tightly together. In addition, the 
outside of the casings were numbered and inscribed with felt markers 
to facilitate rapid alignment without the tool positioned inside. 
The alignment was subsequently checked with the tool in each pair of 
grooves before continuing. The remainder of the preparation 
involved systematically cementing and riveting couplings to the top 
Ofteach tsecitionm ofc astng.. and alanine, “and drilling holes! in the 
bottom of each respective section until a total length of at least 
2m greater than the drilling depth (to the nearest even casing 
length) had been assembled. 

Once the required drilling depth was reached, heavy fluid was 
flushed from the hole to prevent the development of mud rings during 
installation. This was accomplished by pumping fresh light weight 
mud to the bottom of the hole and simply wasting the heavier fluid 
as it was displaced at the surface. The '2HIF' drill rods were used 
for this because they took much less time to trip out when flushing 


was completed. The prepared sections of ABS casing were brought to 
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the site and laid in order of installation while this procedure was 
underway. 

Installing the string of inclinometer casing was begun by 
lowering a section of 'A' rod inside the bottom ABS section so that 
it slid over the inner projection of the grout shoe and rested 
securely on the rubber gasket at the bottom as shown in Figure 3.8. 
The lower end of the thermistor string was taped to the bottom of 
the ABS casing, and the whole assembly was lowered through the 
rotary table into the hole until about 30 cm of the ABS remained 
above the table. Two preee were secured around the ABS casing and 
the lower of these was allowed to rest across the rotary table. The 
next section of 'A' rod was hoisted up the mast on a sand line and 
the second ABS casing slid over it. The two 'A' rods were 
connected, and both ends of the ABS casing were smeared with cement 
before being joined and riveted according to the inscribed alignment 
information. The new rivets were covered with cement and a small 
amount of heat was applied by passing a heat gun across the 
coupling. The assembly was left in this position for 5 to 8 minutes 
while the thermistor string was taped in several places along the 
assembled sections. When the cement showed definite signs that 
curing had begun, the second section was lowered to just above the 
rotary table as before, and the procedure was repeated. Between 
approximately 23 and 30 m in holes GBI1A and GB2 the buoyancy of the 
assembled string required that it be pushed into the hole. If the 


necessary force became more than 75 to 100 N the 'A' rod was 
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connected to the swivel and was pushed by slowly lowering the draw 
works. When buoyancy was a factor, the ABS casing clamps were 
placed below the rotary table to prevent the assembled string from 
rising as successive sections were added. 

Preparation of the grout began as soon as the installation 
activities were proceeding smoothly in order that it would be 
thoroughly mixed and chilled by the time it was required. When 
assembly of the casing string was complete, the last section of 'A' 
rod was securely connected to the swivel and the mud line intake was 
placed in water at 0°C. Several hundred litres were circulated 
through the grout shoe to clean the freezing point depressed fluids 
from the hole ahead of the grout column. The intake was then 
changed to the mixing trough and grout was pumped until the 
remaining drilling fluid and water were completely displaced and it 
returned cleanly to the surface around the ABS casing. The depth of 
the installation was determined on the basis of required embedment 
plus the volume of grout that would drain inside the casing as the 
'A' rod was pulled. At the outset it was intended that each 
installation would be embedded approximately one meter into the 
till. However, when the till and underlying strata were found to 
contain ground ice, installations at GB2 and GB3 were placed as deep 
as possible within the time and budget constraints of the 
programme. As shown in Table 3.4, the desired embedment was 
achieved within a few centimetres in GBlA and GB3; however, almost 


one meter more than expected was lost in GB2. The reason for this 
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is uncertain but it is likely due to leakage of grout from within 
the pumping system before it was disconnected from the 'A' rod. 

Before the 'A' rod string could be pulled it was necessary to 
ballast the ABS casing by tying several sections of '2HIF' drill rod 
just above the ground surface. Tripping began by disconnecting the 
top sectionvof) 'A'srod from the swivel. and attaching it’ to’ the: sand 
line for pulling. Excess ABS casing was cut off at the rotary table 
and removed with the first section of 'A' rod. A holding dog, 
bridging the rotary table, was used to secure the remaining 'A' rod 
string as individual sections were removed. When tripping was 
completed, the pump, hoses, and drill rods were flushed with clean 
water and carefully drained. Steel casing was fitted around the ABS 
casing and pushed until only about one metre remained above ground. 
The '2HIF' rods were resecured and all equipment was broken down and 
moved to the next site. 

Completion of each installation followed removal of the 
drilling rig and equipment. When the thermistors indicated that 
hydration of the grout had begun, cold diesel fuel was poured into 
the ABS casing to act as a heat sink during hydration. Finally, an 
aluminium cap was taped over the end of the ABS casing for 
protection. A timber tripod was erected over the casing and the 


thermistor cable secured to one of the legs. 


3.6.2 Piezometers 


The piezometers were obtained from Terra Technology 


73 


ct 


0 ao *" AQ ie 1 japeaeces @ os 


1 ie) Let od ties es 


sens Sth one antiade 


HAT “a 2 if ye Diy i § 
' rn ii vey aged. eee Ey yt Lope begorg ofa eToes sat 
: 7 
ss ‘ 612 bor “A” 3a melAeee qual 
: a ih nls A sen yoltien ast ant 
. “ae. » melpose 4 } oda Coen payoae sy “fim 
. bose et atey eat gtbghrag 
;* op ¢ ’ se guisis 
e3 ab Get o et ,bo)elqmes _ 
go aan, 34 aT 5 > «ye> toh Saree: 
y43-% ~—~ rt ris t-te Ape a | veils gies 
= - 
ms 
ake saps tfc.’ oe hae “SINS ee 
a 
an pe: 2 .bSvem 
tot wont h 54 Oe: Mm o.( tetaa = 
-* A « 7 7 - 
eT iy ny asi egee eae ars gtslbiab. © 
R j i feaart hb yan. ore et bead s°a58 ed ts poste? yal 
4 
by vi gr ewhcinss 28°6 cy. +5 OF et tee> Baa ce 
: . 
. ° 
‘ sor, = one Ss Pee seo* oy GS Omer 
v 


asvc 6655979. 666 obi <a A 


ings) ais Ya gnc ‘oy hevtws9 atape ot 0 ie : 
eee hh : . 


Corporation, Seattle, Washington. For installation, each was fitted 
into a specially designed housing which was built in the Technical 
Services Machine Shop, University of Alberta (Figure 3.9). 

The piezometer assembly consisted of 2 sections of galvanized 
steel pipe (Figure 3.9). The larger was '1.5 in.' nominal (at least 
3.81 cm diameter) size approximately 1.5 m long. It was perforated 
over about 15 cm at one end, and 100 and 40 mesh screen were brazed 
in place over the holes. The piezometer tip was placed immediately 
above the perforated zone and the leads fitted through a recess 
machined in the opposite end below the bushing. The instrument and 
leads were then epoxied into the pipe; an '0O' ring, used initially 
to hold the instrument in place, prevented epoxy from leaking over 
the piezometer tip. The lower end of the assembly was fitted with a 
conical shaped aluminium head and an inverted traffic cone was 
attached approximately 45 cm above this. A 1.5m length of '0.75 
in' nominal (at least 1.91 cm diameter) size steel pipe was fitted 
into the open end of the bushing. 

Installation of the assembly was very straightforward. The 
smaller steel pipe was pushed into the bottom of the first 'A' rod 
casing as far as the bushing and held in this position by pulling 
tightly on the leads while the 'A' rod was lowered into the hole 
with the sand line. The casing string was held at the rotary table 
with a holding dog as each successive section was added. At the 
bottom of the hole the 'A' rod string was lifted about 2 m and 


approximately 150 1 of grout were placed above the traffic cone. 
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The casing was then tripped out and the hole backfilled with 
cuttings. The circulation system was flushed with clean water 
carefully drained, and all equipment was prepared for slinging to 
the next site. The installation was completed by erecting a timber 


tripod and securing the leads to one of the legs. 


Sua. .ourveys 

On May 6 and 8, 1975, elevation relative to mean sea level 
was carried from bench mark 74T061 in Fort Norman, via approximately 
Sakneofeseicumetitnes,. tovthe sitéeseaClosureswasé> .5ecm.e 7 This 
allowed all surveys at the site to be referenced to mean sea level 
and also provided an opportunity to check the accuracy of the hand 
level surveys, which were referenced to the gradient of Great Bear 
River as described in Appendix A. Comparison of the two methods at 
the site showed the hand level elevations were within 60 cm of the 
true value. 

Topography at the site was surveyed by stadia. The cleared 
area was completed on May 7, 1975 and the forested area and gully 


immediately downstream of the clearing on June 13 and 14, 1977. 


3.8 Site Geology 


The geology of the area has been dealt with in Chapter II, 
and to avoid unnecessary repetition, the treatment in this section 
is limited to a brief outline of the stratigraphy at the site, 


together with comments on its relation to the established regional 
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framework. The sequence of sediments encountered in each borehole 
has been projected into the Cisse aeeuion presented in Figure 3.2. 
This illustration shows the slope is composed mainly of sand and 
clay. Till is exposed at river level and the channel has formed 
primarily in interbedded clay and sand which rest on bedrock. 

The undifferentiated siltstone and shale bedrock belongs to 
the lithofacies of the same name in the lower Tertiary unit (see 
Section 2.4.3). These rocks are pale brown to brown (10 YR 6/3 to 
5/3), laminated, highly arenaceous, and contain an abundance of 
carbonaceous material. They are weakly cemented, typically break 
down with moderate finger pressure, and soften only slightly when 
soaked in water. A near vertical joint set was evident in several 
of the core samples. 

The bedrock is overlain unconformably by interbedded clay, 
sand, and coal. These strata are alluvial in origin and represent 
buried river channel deposits of Pleistocene age. They are 
predominately grey to very dark grey (1OYR5/1 to 3/1), highly 
plastic, intensely fissured and slickensided clay. The bedding 
structures have been highly contorted by ice thrusting. Beds of 
dark grey (1OYR4.1), poorly graded, argillite and quartz sand occur 
randomly and have no apparent gradational relationship with the clay 
strata. A thin allogenic coal bed was also found within the clay 
strata 

Glacial till deposited by the Classical Wisconsin Laurentide 


ice sheet rests unconformably on the alluvial deposits. It is 
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comprised of brown to very dark brown or grey (10YR5/3 to 3/1 or 
4/3), low to medium plastic, fissured, silty clay, with rocks 
ranging up to boulder sizes. Pockets of medium-grained quartz sand 
are common. Reticulate ice facies occur near the till contacts. 

Overlying the till with apparent conformity are thick 
deposits#oterlaciolacustrine clays ciThese*accumulated in a glacial 
lake impounded at approximately el. 150 m during late Wisconsin 
deglaciation. The sediments are dark grey to dark grey-brown 
(1LOYR3/1 to 3/2), rhythmically laminated, medium to high plastic, 
silty clay. They are fissured throughout and commonly slickensided 
inpassociationywithercesveinss fas shown in Plates 3.4 and 3-5. 
Reticulate ice, and to a lesser extent, segregated ice are the most 
common permafrost forms, with minor stratified ice near the till 
contact. 

Glaciodeltaic sand, the upper-most lithofacies at the site, 
lies conformably on the glacial-lake-basin clays. A pebble unit at 
the bottom testifies to the sudden end of the glaciolacustrine 
phase. The sands are vari-coloured, medium to fine-grained, 
quartzose deposits, with horizontally bedded and laminated, and 
cross-laminated structures. Discrete low plastic, horizontal silt 
laminae occur in clusters throughout, and thin organic-rich 
cross-laminae are common near the top. Pore ice is the most common 
permafrost form; steeply dipping ice veins were also noted as shown 
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3.9 Geotechnical Properties 

An extensive programme of index testing to confirm soil 
classifications is reported with the borehole logs in Appendix B. 
These data are reproduced and combined with textural analyses in 
Figures 3.10 through 3.15, to provide a complete summary of the 
basic engineering properties of each lithofacies. 

Laboratory studies of shear strength properties were carried 
out for the alluvial and glaciolacustrine clays and the 
glaciodeltaic sand. Data from these programmes are discussed 
briefly in the following sections to establish the strength 


properties of respective lithofacies. 


3.9.1 Direct Shear (DS) Tests on Thawed Alluvial Clay 

Samples of alluvial clay from GB2 were tested in 6.35 cm 
diameter circular reversing direct shear boxes. Well advanced 
circumferential core desiccation caused by grout contamination 
precluded use of the more common 6.0 cm square boxes, and 
insufficient samples were obtained to allow for a triaxial testing 
programme. All samples were stage consolidated to 1,800 kPa before 
reducing the normal stress to commence shearing at displacement 
rates of 0.2 cm/day. Stage testing was carried out on several 
samples. The results of each test are given in Appendix D. 

The peak strength envelope for alluvial clay is illustrated 


in Figure 3.16. For the range of normal stresses from 150 to 1350 
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kPa the effective friction angle is 26°14 and the effective 

cohesion intercept 84 kPa. No curvature is evident, but the 
ubiquitous fissuring leaves little doubt that it would be 
Significant over a lower stress range. Residual values shown in 
Figure 3.17 give an effective friction angle of 19°, but the data 
are much less consistent. The range among envelopes from each stage 
loaded sample is from 13° to 21°, reflecting the natural 
heterogeneity of the alluvial deposits and the difficulty of 
selecting similar samples because of contorted bedding structures. 
It is likely that lower strength parameters would have been obtained 
from samples of alluvial clay lying stratigraphically below those 
tested. The alluvial clays in these lower cores have higher 
plasticity and finer texture (Figure 3.12 and 3.13); however, 
desiccation during storage (Plate 3.3) rendered them unsuitable for 
strength testing. Based on the mineralogy reported in Chapter II, 
it 1s assumed that residual friction angles averaging 10° to 12° are 


realistic for these alluvial clays (Kenney, 1967). 


3.9.2 Consolidated Undrained Triaxial Compression (CUT) Tests 

on Thawed Glaciodeltaic Sand 

Strengths of the glaciodeltaic sand were measured in CUT 
tests. These were carried out on undisturbed 10 cm diameter cores, 
which were set up in the frozen state and thawed prior to 


lIThe effective friction angles and cohesion intercepts quoted in 
this section are rounded from linear regression analyses. 
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consolidation and shearing. Sample preparation and testing 
procedures reported by Roggensack (1977) were followed with the 
exception that back pressure was used during consolidation. Zero 
back pressure was used during consolidation in three preliminary 
tests, but low saturation levels and the development of negative 
pore pressures during shear necessitated a change to high back 
pressures for the remainder of the programme. The void ratio of the 
samples averaged 0.79, and ranged from 0.68 to 0.85, which indicates 
a loosely packed structure by comparison with other uniform silty 
sands (Lambe and Whitman, 1969). 

Distinct shear planes developed in all samples at failure, 
and test results shown in Appendix D indicate a slightly dilatant 
stress-strain behaviour in each test. The strength envelope in 
Figure 3.18 shows an effective friction angle of 35° and a cohesion 
intercept of approximately 0. 

This friction angle is slightly high in comparison with other 
uniform silty sands having similar void ratios (Lambe and Whitman, 
1969). Although the presence of a quazi-horizontal lamination 
structure likely accounts for this increased strength, experience in 
handling thawed sand samples indicates the presence of a weak cement 
which may also contribute to the higher-than-normal strength. 

It has been established that deposition of the glaciodeltaic 
lithofacies occurred over a period of approximately 1500 years and 
that major thicknesses in any one place accumulated much more 


quickly as the delta front prograded. The periglacial climate 
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probably caused permafrost to develop soon after subaerial 
conditions were established at the prograding shoreline. Little 
time was available for cementation prior to the fenclapetate A: 
permafrost, and any weak cement would have been largely destroyed as 
the void ratio increased in proportion to the volume increase of 
water during freezing. The presence of salt concentrations in the 
depositional environment has been proven by flocculation of the clay 
materials, and it is proposed these same salts were concentrated in 
pore spaces of the sand by the freezing process and subsequently 
peecrpit ated tazoundyparticles sand at jtheir wontacts.., If ithis 
conjecture is accurate, it means the dissolving of this material at 

% 
some time after thawing could lead to a significant loss in shear 
strength, where friction angles are reduced to between 28° and 32° 
(Lambe and Whitnam, 1969). Field evidence that this does in fact 
occur is widespread, because this range is consistent with the 


repose angle described for sand sections in Chapter II. 


3.9.3 CUT and DS Tests on Thawed Glaciolacustrine Clay 

Peak strengths for glaciolacustrine clay were measured in CUT 
tests similar to those described in Section 3.9.2. Samples were 
prepared in the frozen state from 10 cm diameter cores, and thawed 
prior to consolidation and shearing. Sample preparation and testing 
procedures reported by Roggensack (1977) were followed with the 


exception that back pressure was used during consolidation to ensure 


a reasonable level of saturation. 
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The DS tests were carried out in a conventional manner 
(Cullen and Donald, 1971) using 6.0 cm square undisturbed samples 
prepared in the frozen state with the aid of a small lathe and/or a 
milling machine. Samples were placed in the testing boxes at room 
temperature and allowed to stabilize under a small normal stress for 
approximately 48 hours. When the initial testing stress exceed 300 
kPa, samples were stage consolidated to the desired normal stress 
before shearing was begun. Displacement rates of 0.05 to 0.2 cm/day 
were used. Once peak had been established, the rates were increased 
by approximately four times, and residual values measured at the 
initial load increment, and up to six decreasing load increments. 
The results of all tests are given in Appendix D. 

Results from the CUT tests, using maximum deviator stress as 
a failure criterion, are shown in Figure 3.19. The envelope shows 
little scatter, and gives a peak effective friction angle of 21° and 
cohesion intercept of 36 kPa. 

DS test envelopes illustrated in Figure 3.20 and 3.21 show 
the effective shear strength parameters include a peak friction 
angle of 23°, a cohesion intercept of 10 kPa and a residual friction 
angle of 14°. The data show little scatter, and even among 
individual envelopes of stage-loaded samples in Figure 3.21, there 
1s good agreement. 

The data for glaciolacustrine clay from both DS and CUT tests 
are in close agreement and are consistent with effective strength 


parameters reported by Roggensack (1977) for a similar soil from 
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Norman Wells. Close correspondence was also established between the 
consolidation properties and density water content relationships of 
the two soils as part of the CUT tests. The results shown here have 
been interpreted as a linear failure envelope because of the high 
effective stress range used for testing. They complement the data 
reported by Roggensack (1977) and clearly substantiate his 
conjecture that a linear failure envelope is established at 
effective stresses greater than 200 to 300 kPa. Moreover, the 
Similarity in composition and macrostructure of samples from the two 
locations leaves little doubt that over a lower stress range the 
glaciolacustrine clay from this site would have a curved failure 


envelope and a geometric cohesion intercept approaching zero. 


3.9.4 DS Tests on Frozen Glaciolacustrine Clay 
Laboratory Equipment 

DS tests on frozen samples were carried out in a temperature 
controlled laboratory maintained between -1 and -6°C. Wykeham 
Farrance direct shear machines (model SBl) fitted with 6.0 cm square 
shear boxes were used for all testing. Extra temperature control 
was provided by fluid circulation from a controlled temperature 
bath, through the load cap and base of the shear box. The outer box 
was flooded with paraffin oil to damp out temperature fluctuations 
in the room and to prevent desiccation of the sample. Other details 
of the testing system have been reported by Roggensack (1977). Two 


minor modifications to the equipment described by Roggensack (1977) 
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are: a lever system was used to apply normal load; and, the 
thermistor was epoxied at the head of a stainless steel sheath and 
inserted into a pre-drilled hole in the upper shear box in order to 


monitor temperature as close to the shear plane as possible. 


Sample Description 

Samples were prepared from 10 cm diameter cores obtained 
between the 24.5 and 29.1 m drilling depth of hole GBl. 
Geotechnical index properties over this depth are summarized on the 
GBl test hole log in Appendix B. Care was taken to ensure that the 
ground ice content was minimal (approximately 5% visible) and 
consisted of thin, feather-like ice veins. Individual samples 
ranged in height from 4 to 6 cm; their natural moisture content 
varied between 18.7 and 21.7%, and their bulk density varied between 


iO2vend 2h00"Me me 


Sample Preparation 

All test samples were prepared in a soil preparation 
laboratory where the ambient temperature was maintained between -3° 
and -7°C. A length of core approximately 8 cm long was cut from the 
main core, and the test sample was trimmed roughly with a band saw. 
Final trimming to dimensions a few hundreds of a centimetre greater 
than the shear box was completed with an overhead milling machine 
fitted with a carbide insert cutter. After noting the dimensions 


and weight, and sketching visible ice structures, the test sample 
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was pushed into the shear box. The slight excess left on the sides 
during final trimming peeled off easily during insertion, 
facilitating the best possible fit. A nominal seating load of 50 
kPa was applied and the controlled temperature fluid circulated 


while the sample was allowed to come to equilibrium. 


Testing Procedure 

Normal loads were increased in stages not exceeding 50 kPa 
normal stress, with vertical displacement allowed to stabilize 
between each loading increment. When the testing normal stress had 
been achieved, the retaining screws were removed, the upper shear 
box raised 0.4 mm, and the slowest possible rigid displacement rate 
of 0.07 cm/day was applied. This rate was chosen in order to 


minimize the affect of pore ice on strength properties (Sayles and 


Haines, 1974). 


Test Results 


All direct shear test results are given in Appendix D. 
Typical test results indicate that the shear stress increased 
quickly and reached a peak at relatively small shear displacements 
within the first cycle. During the second and subsequent cycles the 
maximum shear stress and the rate of change between successive 
maxima decreased, and a constant or residual shear stress value was 
approached at large displacements. After a maximum was reached in 


any one cycle, shear stress values decreased until the direction of 
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travel reversed. At large displacements the magnitude of this 
decrease also attenuated and the residual shear stress value was 
more clearly defined within each cycle. 

Vertical deformation within each cycle was quite small and 
usually limited to less than 0.05 cm. A net decrease in sample 
height was indicated at the end of each test. This was primarily a 
result of extrusion, although some consolidation also occurred as 
indicated by the build up of ice in porous stones at the top and 
bottom of each sample. 

Test temperatures were generally held within the range of 
=e *tow=1.. 35°Cs) Iwotexceptions “affected tests ‘l) “andi where’ the 
first cycle was at temperatures of -1.7 and -2.0°C respectively. 

Peak shear stress values for each test were selected within 
the first cycle. Data from the six tests are in close agreement as 
indicated on the peak strength envelope in Figure 3.22. A linear 
regression fit to these data indicates a friction angle of 24° anda 
cohesion intercept of 232 kPa. 

The friction angle shows close agreement with the value of 
23° determined for the same soil in the unfrozen state (Section 
3.9.3). This clearly supports the theory that the presence of ice 
within a frozen soil matrix does not impede the full development of 
frictional strength, provided deformation takes place at a slow rate 
OLmstrains(Vialovyel 962; “badanyi,.9975) . 

The cohesion intercept is the component of shear strength 


supplied by ice. Test results reported by Sayles (1973) and 
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Roggensack (1977), and reproduced in Figure 3.23 demonstrate the 
time-dependency of this strength parameter. Since the data reported 
by Roggensack (1977) are based on similar material and testing 
procedures, it is logical that any change in the time to failure for 
direct shear tests reported here would cause an increase or decrease 
in cohesion in approximate proportion to the relation determined by 
Roggensack (1977). 

Residual shear stress values were determined on the basis of 
maxima achieved in the last few cycles of shear. In some tests, 
however, there was still clear evidence of attenuation when the 
tests were terminated. In these cases it was necessary to use a 
projected estimate. Residual shear stress data shown in Figure 3.24 
show significantly more variation than peak shear stress data. A 
linear regression fit through all data points provides a friction 
angle of 25° and cohesion intercept of 67 kPa. The friction angle 
is still in close agreement with the peak friction angle and the 
unfrozen angle of shearing resistance, but the cohesion intercept is 
approximately one quarter of its previous value. An alternative 
interpretation excludes data from tests 1 and 2. The remaining data 
points are amazingly consistent and indicate a residual friction 
angle of 31° with zero cohesion. There appears to be no 
physio-mechanical basis for such a dramatic increase in friction 
angle, however, and the interpretation is therefore discounted. 

Further analysis of the residual strength data is beyond the 


scope of this thesis, but the implications of these findings are 
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worthy of note: although the data are scant and do not afford easy 
interpretation, they clearly show that accumulated deformation leads 
to a significant reduction of available shear strength in 
fine-grained soils. This may also limit the available shear 
strength along pre-existing shear planes in a soil medium through 
which permafrost has aggraded. Clearly, the subject of residual 


strength in frozen soils warrants further research. 
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TABLE 3.1 
DRILL ROD AND CASING SPECIFICATIONS 


Code ALS bie i ey Rs wt. Coupling Threads Content 
(mm) (mm) (kg/m) I.D.(mm) (per 2.5cm) (1/10m) 
A 41.3 28.6 5.64 14.3 3 6.40 
*2HIF 88.9 Ti. 5 Ll4 60.3 3 LT fe # 
150 ae ton Me Uy eS 10352 ts es flush 3 83.44 
Casing 168.3 158.9 159 N/A plain end N/A 


* More commonly 'HW' size 
** Coupling O.D. 


TABLE 3.2 
SPECIFICATIONS FOR DRILLING MUD 


Mud Composition: 


Component Quantity (g/1)* 
Aquagel or Zeogel page} | 
Kelzan XC-Polymer ose 
Drispac 0.15 
KCl (Potash) cay 


* based on lg/1 = 3.44 #/bbl 
Mud Properites: Density - 1.08 Mg/m* (9.0 ppg) 
Viscosity - 47.6 Sec/1 (45.0 Sec/qt) 


Filter Loss - 0.5 cc/min (15.0 m/s) 
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FIGURE 3.1 SITE PLAN, PROPOSED ARCTIC GAS CROSSING OF GREAT BEAR 
RIVER (LEFT BANK) 
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FIGURE 3.3 MODIFIED CRREL CORE BARREL ASSEMBLY (MODIFIED FROM 
ROGGENSACK, 1977) 
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FIGURE 3.4 WIRE LINE CORE BARREL ASSEMBLY (BASE DRAWING COURTESY 
MOBILE AUGERS AND RESEARCH LTD., EDMONTON, ALBERTA) 
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STURDY LATCH 
WITH FACILITY 
U OF A SAMPLE BOX 


FOR LOCKING 
Ze i: LID RESTRAINT 
GE gs, HIGH DENSITY URETHANE INSULATION 
eee: - 7.6 cm THICK IN TOP, BOTTOM AND 
FA 


SIDES OF BOX 


MULTIPLE HINGES Re ahi cg 
SECURED WITH ae ii BE METAL REINFORCING STRIPS 
BOLTS 


vi 


METAL HANDLES 


BOX CONSTRUCTED OF '2 in. (1.27 cm) THICK 
WATERPROOF PLYWOOD 


HINGES SECURED WITH 
BOLTS 


NES SAMPLE BOX 


SCREWS TO 
SECURE LID 


DIVIDED SAMPLE 
CHAMBER 


STYROFOAM INSULATION SHEETS 
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REMOVABLE CENTRAL 
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FIGURE 3.5 TYPES OF BOXES USED TO STORE AND 
TRANSPORT UNDISTURBED FROZEN CORES 
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LINEAR CORRELATION COEFFICIENT R = 0.999 
SLOPE OF BEST FIT LINE = -0.466°C g1 


MINIMUM TEMPERATURE — 10.72°C 
AT SOLUTION OF 19.93% BY WEIGHT KCI 


G, KCI = 1.984 
SOLUTION TEMPERATURE OF 20.0°C 
(DATA SUPPLIED BY BAROID OF CANADA LIMITED, CALGARY) 


KCI SOLUTION (g:) 


FIGURE 3.6 FREEZING POINT DEPRESSION CURVE FOR KCI 
ADDITIVE DRILLING MUD 
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FIGURE 3.7A MUD SYSTEM ON HELI DRILL 500 — SCHEMATIC 
REPRESENTATION OF MIXING ASSEMBLY 


MUD PASSES THROUGH 
SWIVEL HOSE, SWIVEL 
AND KELLY BEFORE 
REACHING DRILL STEM 


MUD 


PUMP SUCTION DRILLING 


MUD 
uc SCREENS | BAFFLE 


baad 
wn, 
Gh. GING Ya IS GY, Zs ONG OX oaN VWYOAR™G cS ONG 


DS 


TOS TRS 


MUD PIT YIP 


FIGURE 3.7B MUD SYSTEM ON HELI DRILL 500 — SCHEMATIC 
REPRESENTATION OF CIRCULATING ASSEMBLY 
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FIGURE 3.9 INSTALLED PIEZOMETER ASSEMBLY 
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FIGURE 3.10 SUMMARY OF TEXTURAL DATA FOR HOLE GB1 
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FIGURE 3.16 PEAK STRENGTH ENVELOPE FROM DS TESTS 
ON ALLUVIAL CLAY 


LEGEND 

> FN-2-28-7 (multistage) 
@ FN-2-28-8 (multistage) 
wv FN-2-28-9 (multistage) 
e@ FN-2-28-10 

m FN-2-28-11 

yw FN-2-28-12 


(Linear correlation coefficient =0.960) 


0 300 600 900 1200 1500 
NORMAL STRESS (kPa) 


FIGURE 3.17 RESIDUAL STRENGTH ENVELOPE FROM DS TESTS 
ON ALLUVIAL CLAY 


_ emletp ner vellemtamedyendy 


as) 

jegelelthor! (aif 
P elt) GRE Dar§ 
rit Wun) Oe, “4 
Gf 6t.5-84 


yey 


OCB 


Za? 


: 4) -e4-224 


aHEWa ine od Wet 


my ,* 
“i ¥ Ss teen ” 


¢ H 1! ATE Ait Le +A of E savor 7 
VRE AAUULIE 1D | 


ad EE Va 


oy/ae 

je fet eek . e ~* vi 
(a agin) oe Sa" 
tage" Maret €-21 2-44 
0; - BS 4-F4 

hf T-Rts 

Ae 


Nuc de¢ 


— 
hw 


° Sed : 


700 
e 
600 i) 
© 
A 
500 A 
A 
o x 
4 400 a 
te 4 
r|N > FN 
= 300 
B values lower AL © 
than 0.90 s~4 
200 
C' = OkPag-On 
100 sae 
(Linear correlation coefficient =0.996) 
1.8 
0) : 200 400 600 800 1000 
On Ors 
5 (kPa) 


FIGURE 3.18 PEAK STRENGTH ENVELOPE FROM CUT TESTS ON 
GLACIODELTAIC SAND 
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FIGURE 3.19 PEAK STRENGTH ENVELOPE FROM CUT TESTS ON 
GLACIOLACUSTRINE CLAY 
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FIGURE 3.20 PEAK STRENGTH ENVELOPE FROM DS TESTS ON 
GLACIOLACUSTRINE CLAY 
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FIGURE 3.22 PEAK STRENGTH ENVELOPE FROM DS TESTS ON FROZEN 
GLACIOLACUSTRINE CLAY 
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FAILURE (MODIFIED FROM ROGGENSACK, 1977) 
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PLATE 3.1: Heli Drill 500 during assembly at test hole GB1. 


PLATE 3.2: Assembled Heli Drill 500 in operation at test hole GB1. 
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PLATE 3.3: Severe desiccation resulting 
from an excess of drilling fluid remaining 
inside core wrapping during storage 
(GB2 Core 29). 


PLATE 3.4: Pre-thaw relationship of 
slickensided clay and ice vein 
(GB2 Core 18). 
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PLATE 3.5: Slickensided surface of soil ped facing ice vein in Plate 3.4 
(GB2 Core 18). 


PLATE 3.6: Steeply dipping ice vein in glaciodeltaic sand (GB1 Core 21). 
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CHAPTER IV 


FIELD DATA AND DELINEATION OF 


IN SITU CREEP PROPERTIES 


"There's gold, and it's haunting and haunting; 
Ltwcmloning me. on) as of old; 
Yeteiteisn, tethescold: that 1. ‘mewanting 
Soumuchtasmjust finding the gold." 
(Service, The Spell of The Yukon) 


a. Wephnitmoduc ton: 

Readings were taken on twelve occasions following completion 
of the field programme in April, 1975. Trips were scheduled in 
March and October of each year to coincide with the periods of 
maximum and minimum ground temperatures respectively. In addition, 
one trip was made during the winter and at least two through the 
summeneeelhemdates tof site visits, .thebactivities carried "out 7 othe 
weather conditions, and other general information are given in Table 
4, 

Scheduled airlines were used to Norman Wells, for each site 
visit. Instruments were either carried or shipped as hand baggage 
to minimize the possibility of breakage or loss, and in order. that 
the inclinometer batteries could be fully charged over the preceding 
night. Between June and October, a fixed wing charter was taken to 
Fort Norman where a local resident was hired to provide boat 


transport to the site. Between November and May, a helicopter 
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was chartered directly to the site. All instruments were read in 
the same order and on the same day, except in August, 1976 when 
readings were taken over two days. 

Thre fteld@instrumentation 1s described, and ‘all field data 


are reported and analyzed in this chapter. 


4.2 Thermistors 
Pee eSpeClPica trons 

Thermistors used were York Instruments Limited, glass-bead 
type P99-3. These were mounted at 6.1 m spacings on specified 
lengths of multiconductor cable by Cantech Controls Limited, 
Calgary. A switchbox with female connectors to both the thermistor 
string and the readout device was fabricated by the same company. A 
summary of the cable lengths and holes where each was installed is 
given in Table 4.2. 

Each cable was calibrated against a quartz resistance 
thermometer and two Atkins Meters (Model 3F01-C46) using a constant 
temperature bath at 0°C and -3°C. The results, together with 
the industrial calibrations for the Atkins Meters, were integrated 
into a simple computer programme which was used to reduce field data 
as they were obtained. 

Errors due to drift and resistance of the cable were 
considered insignificant (Judge, 1973). Repeatability tests on any 
one occasion showed accuracy to be + 0.05°C; however difficulty in 
setting the Atkins Meters to zero, and their extreme sensitivity to 


‘ ar fo) 
static electricity reduced overall accuracy to + 0.15°C based on 
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readings from thermistors well below the depth of zero mean annual 
fluctuation. To overcome these difficulties it is recommended that 
future installations use a high sensitivity DC Wheatstone bridge for 
measurement of thermistor resistance. 

The ends of each thermistor cable were placed in a plastic 
bag and tied to a large wooden tripod erected over or near each 
hole. This procedure is considered unsatisfactory for future 
installations because it does not adequately prevent ingress of 
water into the connector, and it is by no means a deterrent to 
curious animals. A more permanent installation, similar to that 


described by Judge (1973), is considered preferable. 


4.2.2 Reading Procedure and Data 

The thermistors were read at the beginning of each site visit 
before the equilibrium temperature gradient of diesel fuel inside 
the ABS casing was disturbed by the inclinometer movement. 
Temperature change associated with movement of the tool was 
monitored concurrently with reading the inclinometer. This usually 
involved only one thermistor in each hole per trip so the more 
important task of reading the inclinometer could proceed 
uninterrupted. 

All field data were reduced with a simple computer programme 
and plotted on a Calcomp C plotter. Figures 4.1, 4.2, and 4.3 show 
the data from each thermistor in holes GB1A, GB2, and GB3 
respectively between the time grout was placed and the end of 


monitoring in June, 1977. Figures 4.4, 4.5, and 4.6 show the 
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trumpet curves for each of the respective holes based on those data 
obtained after approximate thermal stability had been recovered in 
May, 1975. A cross-section showing temperature contours in the 
slope is given in Figure 4.7. The data on this diagram represent 
averaged values from the trumpet curves for depths below that of 
zero mean annual temperature fluctuation (ZMTF). 

The discontinuous nature of the data in Figures 4.1, 4.2, and 
poe seaeresiltworeseyeral factors: as shown in Table 4.1. some 
thermistors ceased to function at various times through the 
monitoring period; the Atkins Meter batteries went dead on October 
8th, 1975 before the cables in GBlA and GB2 could be read; and, the 
end cover on one of the cables in GB2 was frozen on December 2lst, 
1976 an Marchisus teeeL Oy 7 t 

The apparent disagreement in the number of thermistors shown 
in Figures 4.3 and 4.6 is a result of three thermistor pods on the 
GB3 string being left exposed at the surface following 
installation. One of these was used to measure air temperature on 
each visit, and the other two were buried beside the hole in 


October,.19/5)— one rata depth of 30 cm and one) at 60 cm. 


4iy2.3 Hydration of Grout 

Figures 4.1, 4.2, and 4.3 show the temperature change induced 
by hydration of grout in each of the inclinometer holes, together 
with the systematic recovery of thermal stability as a function of 
time following placement. The most complete record was obtained in 


GB3 (Figure 4.3); the initial temperature increase was missed in 
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GB1A (Figure 4.1); and the entire hydration period was missed in GB2 
(Figure 4.2). Pre-hydration temperatures that show an increase from 
the top of the hole to the bottom are directly related to the 
pumping and mixing procedure described in Section 3.6.1. 

The data show that hydration began within 2 to 4 hours of 
placement and reached maximum temperatures of up to 13°C between 1 
and 2 hours later. This time period varied slightly depending on 
how long the grout had been mixed. The chilled diesel fuel, which 
was added as soon as hydration began, had very little measurable 
ertect se putmtnicomise considered: tombet a: result of thetdocatvon) oft the 
thermistor pods and in no way a measure of the fluid's effectiveness 
as) a. heat sink. The temperature increase stopped 6 to 7 hours after 
placement and between 75 and 804 of ultimate thermal recovery was 
achieved within 12 hours. Further temperature recovery continued 
Mewietiig. «09 76% Thereafter, temperature changes below the depth 
of ZMTF were within the accuracy range of the Atkins Meter, or could 


be attributed to changing albedo at the site. 


4.2.4 Thermal Regime 

The Mackenzie Valley climate is affected by warm maritime air 
of Pacific origin and cold Arctic air originating to the northeast. 
The relative interaction of these two systems causes the wide 
temperature range typical of the area. The tendency of the maritime 
trowals to frontalize northeast of Mackenzie Mountains provides a 
significant amount of precipitation (Burns, 1974). 


The mean daily temperature over the year is 6. OF .c 
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January, the coldest month, has mean daily temperatures of 

31047205 and winter extremes reach as low as -54.4°C. In 

contrast, the months of June, July, and August all have daily 
averages greater than 13.3°C, and summer maxima reach as high as 
35°C. The mean annual precipitation of 33.3 cm is approximately 
equally distributed between rainfall and snowfall. Mean snowfall is 
135.4 cm, and 42.6% of this falls before the end of November each 
year (Burns, 1974). The temperature and precipitation means and 
extremes for Fort Norman, N.W.T. are given in Table 4.3. 

Surface conditions among the six drill sites may be described 
in two categories: one for all holes at the top of the slope; and 
one including GB2, GB3, and GB3A. The former has exposed 
light-coloured sandy soil over most of the cleared area with sticks, 
moss, and lichen providing only local cover. The second is 
represented by fallen black spruce trees lying on natural moss and 
lichen ground cover. In the area around each hole these ground 
flora are slightly compressed and the fallen trees are removed, but 
mineral soil is not exposed. At no time was there any evidence of 
ground ice degradation around the inclinometer installations. 

Assuming Figures 4.4, 4.5, and 4.6 show typical temperature 
conditions beneath the cleared area, the generalized ground 
temperature regime for the two surface conditions described are as 
follows: 

In the sandy area at the top of the slope the active layer is 
3 m thick, and the depth of ZMTF is between 9 and 10 m. Data from 


thermistors 1 and 2 in GB1A (Figure 4.1) show clearly that a warming 
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trend has been in progress since monitoring began and was probably 
initiated by widespread clearing in 1974 (Section 3.2). Readings 
after October, 1976 indicate this has caused an inversion in the 
profile at a depth of approximately 19 m. This recent adjustment is 
Superimposed on an earlier cooling trend which began in 
approximately 1950! and is manifest in the steep thermal gradient 
between 28 and 34 m (Figure 4.4). Ignoring the more recent change 
and projecting the mean gradient of the cooled zone to the surface, 
the mean annual ground surface temperature (MGST) prior to 1974 was 
-2.6°C; projecting the lower portion of the curve gives a MGST of 
=2:,0°C) °Thus, the cooling trend was initiated by a change in mean 
annual air temperature of approximately 0.6°C. The depth of 
permafrost based on the gradient below 36 m (Figure 4.4) is 
estimated to be at least 61.3 m. If the cooling trend had 
persisted, ultimately this depth would have been at least 20 m more 
based on simple projection of the upper gradient. 

Subsurface thermal conditions on the valley slope are 
slightly different because of the combined affects of aspect, 
vegetation cover (present and prior to clearing), and the micro- 
climate of the river valley. In GB2 the active layer is 1.2 m thick 
and the depth of ZMTF between 6 and 7 m (Figure 4.5). By taking an 
average thermal gradient, the MGST is -3.3°C and the depth of 
permafrost 48 m. The cooling trend observed in GB1A is not evident 


and there is little possibility that it is present below the deepest 


IMackay, J.R., 1975, personal communication. 
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thermistor. In contrast, small warming trends of 0.1 to Oe20C may 
be inferred: the first with an inflection point at approximately 17 
m; the second over a low gradient section of the profile between 25 
and 29 m. No regional records could be found in support of these. 
As a result they are considered local phenomena related to the 
microclimate within the Great Bear River Valley. 

Data from GB3 show an active layer of 1.3 m and a depth of 
ZMTF between 6 and 7 m (Figure 4.6). The thermal gradient is 
uniform and indicates a MGST of -2.5°C and a permafrost depth of 
approximately 28 m. The higher MGST and steeper thermal gradient in 
GB3 relative to GB2 undoubtably reflects the proximity of the former 
to Great Bear River. This is well illustrated in Figure 4.7, and is 
consistent with the findings of other authors (Johnson and Brown, 
1964). 

These results are in good agreement with those of other 
authors (Brown, 1967; Judge, 1973; Isaacs, 1974) for the region 
around Norman Wells, N.W.T. They indicate the area is correctly 
classified within the "widespread discontinuous permafrost zone" on 


the permafrost map of Canada (Brown, 1967). 


4.3 Piezometers 
4.3.1 Specifications 

The piezometers used were Terra Technology Corporation, Model 
P2020 combination pneumatic/hydraulic. This model was chosen 
primarily because of the back-up hydraulic system in which light oil 


or ethylene glycol could be used in the event that the pneumatic 
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leads became damaged or frozen-off, or if verification of the 
pneumatic reading was required. The read-out console used was a 
Terra Technology Corporation, Model C6300. Dried carbon dioxide was 
used as the air source. 

Calibration of each piezometer was carried out in a modified 
triaxial cell with pressure applied from a regulated source (air 
over water). Pressure was monitored with a 0 to 700 kPa pore 
pressure transducer and the field console. The final calibration 
curve and preload value were taken from a regression fit of ten data 
points over a range of 0 to 400 kPa. These data together with 


installatrvone@datavaretgiven®invTable™4.4. 


4.3.2 Reading Procedure and Data 

Readings were taken of each piezometer at the end of the 
field programme and as a matter of routine on each site visit up to 
June, 1976. The procedure outlined in the console operation manual 
was used on each occasion, with the exception that flow was 
maintained tat 15/6 °SLH (0.55 °SCFH) instead of the’ suggested 42.5 SLH 
GiesuScr ie 

No stable reading was obtained from the piezometer in GB1B in 
ten attempts between March, 1975 and June, 1976. With the console 
flowmeter stable at the specified value the read-out gauge varied 
over an irregular range between 0 and 310 kPa (75% of capacity). 
Variations in flow of +25% had no significant effect on this 


behaviour or range of fluctuation. Despite the fact that the 


piezometer tip was well inside the permafrost zone and any readings 
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would have been difficult to interpret, it is felt that the 
piezometer was damaged during installation. 

The ene eae GB3A was read on eight occasions between 
April and November, 1975. Attempts in March and June, 1976 were 
unsuccessful because of ice blockage in the pneumatic leads. Since 
data up to that time indicated pore pressures beneath the permafrost 
table were consistent and easily explained, no attempt was made to 


continue monitoring by using light oil in the piezometer. 


4.3.3 Sub-permafrost Pore Pressures 

The pore pressures measured in GB3A are shown in relation to 
the elevation of Great Bear River on Figure 4.8. These data show 
close correspondence between the elevations of the river water and 
the hydrostatic head beneath the slope. In May, 1975, the single 
occasion when both were surveyed, the levels were almost identical. 
Subsequent pore pressures dropped off slightly. Since the May, 1975 
river level was established within a few days of break-up, Lt ks 
likely to have been up to 2 m above the mean flow level. This may 
account for the observed decrease in water pressure in the summer 
and autumn of 1975. 

The interpretation of these pore pressure data is 
straightforward when the stratigraphy of the site is considered 
(Figure 4.8). Hollingshead and Sowa (1974) established that coarse 
river alluvium lay on bedrock beneath Great Bear River (see GB4 and 
GB5, Appendix A). The presence of highly arenaceous zones and 
discrete sandstone laminae in this bedrock provide a means of rapid 


pore pressure equalization. 
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4.4 Inclinometer 
(rae. Lebrtroductyvon 

Numerous instruments and techniques are available for the 
measurement of lateral movement, but only borehole inclinometers 
provide data over a full vertical profile with the accuracy 
necessary to resolve creep deformations. Moreover, these 
instruments have proven reliability from studies of the creep of 
soil in natural slopes (Wilson, 1970), and of particular relevance 
here, the creep of ice in glaciers and icecaps (Meier, 1960; Savage 


and Paterson, 1963; Wilson, 1970). 


4.4.2 Types of Inclinometers 

Although several inclinometers have been developed 
(Kalie'tenius: and Bergau, 1961; Wilson, 1962; Dunnicliff, 1971; 
Hanna, 1973), only one variety has suitable accuracy for this 
study. It consists of three components: a sensing device, a 
read-out console, and a connecting cable. The sensing device houses 
the tilt sensor in a watertight torpedo. This is lowered to the 
bottom of a near-vertical guide casing and then raised, with 
readings taken at equal depth intervals. The slope of the casing is 
determined by integrating slope readings from the bottom of the 
hole, which is embedded into a firm stratum and assumed to be free 
of translation (Hanna, 1973). Profiles show patterns of movement as 
a function of depth, and successive readings over a period of time 


provide a measure of velocity at respective depths. 
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Four basic types of inclinometer fall into this category, 
each characterized by the sensing element used to measure 
inclination. These include: the vibrating wire strain gauge type; 
the Wheatstone bridge type; the bonded electrical resistance strain 


gauge type; and the servo-accelerometer type. 


Vibrating Wire Strain Gauge 

Very little literature is available on this type of 
inclinometer and the only case history available is an indirect, 
unreferenced statement by Dunnicliff (1971). He reported 


l 


precision ranging from 0.8 :x 1074 to 28.0 x 10e, and high 


sensitivity to temperature and zero drift. 


Wheatstone Bridge 

The Wheatstone bridge type (Parsons and Wilson, 1956; Wilson 
and Hancock, 1959; Wilson, 1962) has had widespread use in 
bulkheads, earth and rockfill dams, embankments, foundations, and 
slope stability (Wilson and Hancock, 1959; Hakman and Buser, 1962; 
Henderson and Matich, 1962; Wilson, 1967; Wilson, 1970; Peters and 
Bhiasm 6972). telti¢combines asrobusiti idesign with ‘the simplicity of a 
pendulum-actuated, conventional Wheatstone bridge circuit. The 
pendulum tip contacts a precision-wound resistance coil subdividing 


it into two resistances which make up one half of the bridge. The 


The terminology of measurement accuracy used here follows that of 


CouldwandeDunntcirtivwelo/t. pees lou Precisloneis eivenjin units of 


shear strain, or simply metres of deflection per metre of depth 
(plus or minus is assumed). . 
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remainder of the bridge and associated circuitry is contained in the 
control box. Based on controlled laboratory tests (Green, 1974), 
the precision is 2.0 x lOmae the calibration is linear, and the 
temperatures effects are negligible. Collective field experience 
(Peters and Ellis, 1972; Cornforth, 1974) shows actual precision 


ranges from 1.7 x 10°* to 8.3 x 1074. 


Bonded Resistance Strain Gauge 

The sensing element in this type of inclinometer consists of 
a cantilever strip with a brass pendulum on the free end and the 
other rigidly fixed to prevent movement normal to the reference 
plane. When the instrument is inclined, the cantilever bends in 
proportion to the gravity component and this is monitored by four 
temperature-compensated electrical resistance strain gauges mounted 
on the strips. ; The housing is fitted with silicone-oil to damp the 
pendulum movement, and to insulate and protect the strain gauges 
(Phillips and James, 1974). The results of controlled laboratory 
tests indicate that precision ranges from 0.3 x Tn: (Murray and 
iting) 0) to 125.0 -x hor (Green, 1974), that certain instruments 
may be prone to non-linear calibration (Green, 1974; Phillips and 
James, 1974), and that zero drift and temperature drift are common 


problems (Dunnicliff, 1971; Green, 1974). 


Servo-Accelerometer 
This type of inclinometer utilizes a null-balance 


accelerometer as the sensing element. The gravity referenced sensor 
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is energized by an applied voltage and quickly stabilized in 
response to tilt by a change of current flow. The resulting voltage 
output is proportional to the sine of the angle of inclination and 
Loemonitored directiy (Hanna, 1973)%*SBy virtues of the*electrical 
balance design, the sensors have no significant inaccuracies 
associated with non-linearity, hysteresis, temperature change or 
zero drift. Laboratory calibrations reported by Bromwell et al. 
(1971) indicate precision of 1.3 x 108 G64 Field precision reported 
by the same authors is consistently better than 1.0 x ae and .tor 


4 


most cases better than 0.4 x 10 °; Peters and Ellis (1972) 


reported field precision of 1.3 x 108 4 


Gnawa = opecitications for the Digitilt Inclinometer 

After careful consideration of the various types of 
inclinometers described in Section 4.4.2, and solicitation of advice 
from several local consulting firms with experience in Arctic 
instrumentation, the SINCO Da sa cane inclinometer was selected as 
the most suitable. The governing criteria for this decision were: 

1. Adequate accuracy and precision. 

2. Negligible non-linearity, hysteresis, and temperature and 

ZeLrOraY yt te 
J.) Provent reliability . 
The Digitilt system includes a sensor, cable, readout device 


and casing. 


Ipigitilt is the registered trade name for one slope indicator 
system sold by SINCO. 
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The torpedo-like sensor is 92.7 cm long and has an upper and 
lower wheel assembly, each consisting of one fixed wheel and one 
spring-loaded wheel; the gauge length or separation of the wheels is 
61 cm. Two closed-loop, servo-accelerometer sensing elements, 
mounted at 90° to one another are housed in the sensor. 

The tool. is connected to the readout device by a 0.95 cm 
(outside diameter) neprene-coated six-strand cable. Depths are 
measured by coloured neoprene markers vulcanized to the cable at 
30.5 cm spacings. 

The readout device is a digital voltmeter that indicates 
VOleageninuam ounsdie¢itedtsplay., Ltrcontains a 6 volt rechargeable 
battery which operates continuously for up to eight hours at room 
temperature. 

The casing is ABS plastic with four machined, longitudinal 
grooves equally spaced around the inside circumference. Casing 
sections are joined and sealed by riveted and cemented couplings. A 
pulley assembly with a cable clamp is fitted to the top of the 
casing string during reading. 

Complete specifications for the inclinometer system are given 


im staplers4..57 


4.4.4 Monitoring Procedure 

Initial calibration of the inclinometers was completed on May 
6th, 1975 (minimum of 23 days after placement of grout in GB3), but 
each was ignored when subsequent data indicated erratic deformations 


and further temperature recovery before the second inclinometer 
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readings were obtained on July lst, 1975 (minimum of 79 days after 
placement of grout in GB3). 

The inclinometers were read at least once on each site visit 
a5 outlined in Table 451" ey June! 1976 Swhen it could’ be 
established that lateral movements were marginally inside the 
specified accuracy of the Digitilt system, a decision was made to 
obtain as many readings as possible in order to define instrument 
accuracy and precision in each inclinometer casing. 

Throughout the monitoring period, readings were taken in the 
same order (i.e. GB1A, GB2, and GB3), by the same personnel, on the 
same day, except August, 1976 when the holes were read in reverse 
order over Sy ts day period. On each occasion the probe was set to 
the lowest reading depth and allowed to stabilize for approximately 
20 minutes. On the initial run, the spring-loaded wheel was placed 
in the downslope-facing groove, and measurements were taken at 
increments equal to the gauge length as the instrument was raised. 
After the highest possible reading was recorded, the instrument was 
removed from the hole, checked, turned through 180°, re-set to the 
bottom of the hole, and the measuring procedure repeated at the same 
depths. Power was on at all times while the probe was in the hole. 

Depths at which measurements were taken were established in 
May, 1975 and all subsequent readings were taken at the same 
levels. These depths were referenced to the clamp on the pulley 
assembly and the assembly itself was always mounted in the same 
position. Lengths of cable between the clamp reference point and 


the ground surface were accounted for during data processing so that 
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depths appearing with reduced data were corrected to the ground 
surface. 

All equipment functioned perfectly during the monitoring 
period. The sensor and readout device required no service, but the 
cable was returned to the manufacturer for repairs to the neoprene 
jacket in Octobers,9 1976. 

In GB2, tightness at the 10.5 m depth began to restrict 
movement of the probe in November, 1975. By October, 1976, the 
problem was sufficient to prevent free passage of the probe. This 
was overcome by assembling a string of flexible PVC pipe with 
couplings and fast settling cement, lowering it to the top of the 
sensor, and gently pushing the probe through the restrictive zone. 
This technique was also required in order to obtain readings in hole 
GBLAsinedune, Wo/dee Alsowini June, 977), the. casing in GB3 wasttound 
to be broken at approximately the 2.5 m depth. Some difficulty was 
encountered in lifting the sensor past this point; however a 


complete set of readings was obtained. 


tier See DatasAnalysas Procedure 
Reduction of the inclinometer data was carried out by 
computer. The programme was prepared according to the steps 
suggested in the Digitilt operations manual. These are as follows: 
1. The algebraic difference (TOT) is determined from the Al 
and A2 readings at each depth. Each TOT is proportional 
to the size of the angle from vertical. 


2. The difference (DIFF) between the current TOT and the 
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calibration TOT is determined for each depth. 

3. The deflection (DEFL) ‘is computed by integrating the DIFF 
values from the bottom to the top, and multiplying by 
constants which correspond to the reading interval. 

4. The same procedure is used to reduce the B direction 
readings. 

All input and computed data were listed, and DIFF and DEFL 
plettedmoneas Calcompse plotterwaslatfunctionsof true depth for both 
Epes ssandeSrdivecttonsceenin addition, «plots, ofsDERL as a function of 
time at each depth were produced on the line printer for both A and 
B directions. Because of the skewness of grooves in the GB2 
installation relative to true downslope and transverse to slope 
directions DIFF and DEFL were plotted in the skewed, and the true 
downslope and transverse to slope directions; line-printer plots of 
DEFL as a function of time were only produced for the true downslope 
and transverse to slope directions in GB2. 

After each preliminary run with new data, computer listings 
were closely scrutinized for possible errors. Those originating 
from data entry were quickly corrected, and those originating in the 
field (typically reversed polarity, or reversing in the order of 
numbers) were corrected after careful consideration of earlier 
readings. No other changes were made to the data. 

Statistical analysis was added to the basic data processing 
routine after sufficient data were available to justify a more 
comprehensive approach. These were developed to elucidate specific 


complexities in the data and will be discussed in Section 4.4.8. 
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4.4.6 Inclinometer Data 

Shapes of the inclinometer casing relative to vertical in the 
A and B reference planes are presented in Figures 4.9 through 4.16 
inclusive. These show the inclination of the drillhole as well as 
any local curvature in the inclinometer casing at the time of 
caltiibr atvoneGuliyeeelo 75)ieeDetlection) datairfor, ithe Aland B 
directions of each installation are presented in the same diagrams. 
These include plots of true downslope and transverse-to-slope 
profiles for ‘the .GB2 tcasing.-CFigures 4.12,.and 4 «14).. 

The very complex pattern of movement indicated in Figures 4.9 
through 4.16 inclusive, is a result of the degree to which 
deformations of the casing approach the minimum accuracy range of 
the Digitilt inclinometer. Therefore, in order to analyze the 
nature of deformations it is first necessary to know the accuracy of 
the system, and then to consider the influence of any external 
factors. These are discussed in Sections 4.4.7 and 4.4.8 


respectively, and are followed by data analysis in Section 4.4.9. 


4.4.7 Inclinometer Accuracy 

Tests to determine the accuracy of inclinometer systems have 
been outlined by Murray and Irwin (1970), and Green (1974). Similar 
tests are reported here to assess the repeatability, resolution, and 
temperature-drift characteristics of the U of A Digitilt 


inclinometer system. In addition, consideration is given to casing 
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spiral and sensor axis rotation error. Each is discussed separately 


in the following subsections: 


Repeatability Tests 


Repeatability measurements demonstrate the accuracy with 
which the instrument can measure zero deformation. Hence, they are 
an important instrument performance test when dealing with small 
deformations. The data not only provide an independent check of the 
manufacturer's specifications, but, if used anesitius, ‘iheysaliso 
indicate locations in the inclinometer casing where slight 
separation of coupling joints, or irregularities in the tracking 
grooves cause anomalous behaviour. 

The results of repeatability tests in GBlA and GB3 are shown 
in Figures 4.17 and 4.18 respectively. For each date and hole the 
mean values at each depth are plotted as the calibration values 
(straight line at zero deformation). The data show three important 
findings: 

l. The poorest repeatability in the A direction (GBlA-June, 

1976) is 0.58 x 107% while the repeatability at other 
times has an average of approximately 0.25 x LoReA 

2. Repeatability in the B direction is typically poorer. 

The lowest value (GBlA-June, 1976) is 0.65 x 107%, 
Values typically vary more than in the A direction and 


average approximately 0.43 x Lore 
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3. Anomalous behaviour of the GB1A casing at the 24 m depth 
corresponds to the location of a coupling. In June, 
1976, it is assumed that one or both wheel assemblies 
left their grooves after passing the coupling, and 
returned after two depth intervals were read. On 
subsequent readings, great care was taken in passing this 
zone and the problem did not recur. For June, 1976 
teadingssinetne= 5 direction, anomalies at the 34,29) and 
21 m depths in GB1A do not correspond to couplings or 
tight curvature. Extra care in raising the tool through 
these zones eliminated the problem. 

The results of the repeatibility tests demonstrate that the 
University of Alberta Digitilt inclinometer performs significantly 
better than the manufacturer's specifications (Table 4.5). The 
average performance is up to 10 times better, and even the poorest 
repeatability exceeded the specifications by approximately a factor 
of two. The A direction consistently shows better repeatability 
than the B direction, presumably because the latter is not 
controlled by a wheel assembly and is subject to a small amount of 
play in the bearings and bushings of the A direction tracking 
assemblies. This slack becomes a problem where irregularities in 
the tracking grooves, poor couplings, or tight curvature cause the 
assemblies to wobble. Finally, because the accuracy of the 
inclinometer system is apparently controlled by the tracking 
characteristics of the sensor, the accuracy varies from hole to 


hole. Moreover, it can be improved in any hole if careful regard is 
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given to zones in the inclinometer casing where irregularities are 


know to cause anomalous behaviour. 


Resolution Tests 


Resolution tests were carried out to determine the accuracy 
with which the inclinometer can measure a known deflection. The 
tests were conducted in the calibration frame shown in Figure 4.19. 
This consists of a segment of standard ABS plastic inclinometer 
casing (Table 4.5) centred and clamped to a Palmgren milling head 
which is secured to a heavy steel levelling plate. The plastic 
casing is sealed at its lower end, and fitted with brass hose 
connectors and tubing so that controlled-temperature fluids can be 
circulated around the sensor. The casing and tubing are wrapped 
with 5 cm thick fibreglass insulation for improved temperature 
control. Temperatures are monitored on a digital thermometer with 
the thermistor secured to the sensor near the sensing elements. 

Resolution tests were carried out in 1° increments through a 
range of +7° from vertical at an ambient temperature of 21.6°C. 
Tests were begun with the probe at a stable temperature, in a 
vertical position, in the A direction grooves. Angular measurements 
were taken in 1° increments while moving the probe from 0° to -7°, 
—ji torte a bands+/ 7 toss. »tThe probe .was,then,set jin .the,B 
direction grooves and the same procedure was used to measure 
deflection in the B direction. 

The results of one resolution test are illustrated in Figure 


4.20, where angles between -7° and +7° are plotted as a function of 
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the absolute voltmeter reading in dial units! . True values are 
shown as solid circles between the end members of each measurement. 
Forsexample.,’ 34804 Vse the exact change in’ dial units® from’ 3°"'to 4° 
deflection; therefore this value is the ordinate, and for 
convenience, 3.5° is the abscissa. Mean values are determined from 
the two readings obtained per direction at each angular deflection 
toe accounts for anacturacies: in’ setting? the’ milling head: OA total™of 
four resolution tests were carried out. Mean values for the A and B 
directions from each test are given in Figure 4.21. The data show 
small scatter about true values indicating a linear calibration. 
THevyesnow: tiat errorvseot up-to, o- dial° units’ (380°x Toes may 

occur, but these are not cumulative and their overall affect is 


negligible. 


Temperature Tests 

Tests to determine the influence of temperature change on 
instrument accuracy were necessary because of the large variation in 
air temperatures on occasions when readings were taken (Table 4.1), 
and the small temperature gradient in each of the inclinometer 
casings. Two tests were carried out to simulate these natural 
conditions: the first measured stabilization of the dial reading 


following the application of a step temperature; the second 


linclinometers are commonly read in values equivalent to 104 

times the true reading to eliminate decimal places. These values 
are the "dial units" referred to throughout this chapter. Hence, 
dial units times 1074 is proportional to two times the sine of the 
deflection angle. 
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measured change in dial reading as a function of temperature 
change. Both tests were carried out in the calibration frame 
(Figure 4.19) with the probe held at constant inclinations, and a 
solution of ethylene glycol circulated for temperature control. For 
stabilization tests, the calibration system was brought to a 
constant temperature of approximately -7°C before the instrument was 
set into position in the A-direction grooves. Variation of readings 
on the voltmeter was monitored for both the A and B directions until 
temperature Seapilieye was achieved. Temperature change tests 
were carried out over a range from approximately -7 to 22°C by 
increasing the temperature to pre-determined settings on the 
controlled-temperature bath. After the bath temperature stabilized, 
up to 30 minutes were allowed before readings were taken. Tests 
werescarried oul, atwinclinations of +4, 0° ‘and —4° in’ the A 
direction, and then repeated with the tracking system in the 
B-direction grooves and monitoring the B-direction sensor. 

Results of the temperature stabilization test are illustrated 
in Figure 4.22. These show that the step temperature has a 
significant affect on both sensing elements, but the influence is 
more pronounced for the B-direction sensor. For both sensing 
elements, temperature stability is achieved within 20 minutes. 

Results of the temperature change tests are given in Figure 


4.23. These show that the sensor has a linear temperature drift in 


lTemperature stability was assumed when variation of the 
voltmeter was limited to 1 dial unit on successive read- 
ings after a total of 60 minutes of monitoring. 
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both directions, but that of the B direction is consistently larger 
than the A direction. Neither is of significance to this study 
because of the very small temperature gradient in the installations 
(Figures 4.3, 4.4 and 4.5). Moreover, it is probable that movement 
of the probe causes some degree of equalization to the temperature 
gradient, which would further reduce possible error. 

The readout device was protected from cold temperature 
extremes by holding it inside the reader's clothing during winter 
monitoring (November to March inclusive). The downhole cable and 
linkage cable could not be protected in the same way, but 
laboratory tests where the cable was varied through temperatures as 


cold as -7°C showed no measureable affect on the readings. 


Casing Spiral 

Spiralling of the inclinometer casing is a condition in 
which the tracking grooves become twisted, which causes errors in 
the direction and magnitude of observed movement. No attempt was 
made to determine the degree of spiralling, because equipment to 
measure it is large and insufficiently accurate for the purposes of 
the study?, and casing strings up to approximately 60 m in length 
are considered too short for spiralling problems to be 


significant-. 


lBumala, IG roe Lope snd caLvonecor, me peatt le (WAS. personal 
communication, May 1976. 


2Green, Gebeeeebeeeonannon~and Wilson, Inc., Seattle, Wa, 
personal communication, May 1976. 
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Sensor Axis Rotation Error 

Inclinometer sensing elements cannot be mounted perfectly 
parallel and perpendicular to the tracking assembly. Therefore, 
with the instrument in a vertical position, a small but measurable 
apparent deflection is indicated in both the A and B directions. 
Similarly, 1¢ thesinstrument 16 inclined in either of the A or B 
planes, small apparent deflections make up a constant portion of the 
respective readings. Since the magnitude of these apparent 
deflections is constant among the calibration reading and successive 
readings, it is eliminated in the data reduction procedure. If a 
sensing element shifts, however, the difference between the 
magnitudes of apparent deflections from the new reading and the 
calibration reading is not eliminated, but constitutes an error that 
1S proportional to the absolute profile of the inclinometer casing 
in the direction normal to the sensing element axis. On a depth 
versus deflection profile, which shows plots of corrected and 
uncorrected data from one reading of an inclinometer casing, the 
error causes the two plots to appear symmetric, but rotated about 
the lowest reading. 

Sensing elements typically shift as a result of rough 
handling or when they are removed from the instrument for 
servicing. Since neither of these conditions occurred during the 
monitoring period, it is not surprising that the data show no 
obvious sensor axis rotation error. It was felt initially that 
erratic deformations between and including the March, 1976 and 


October, 1976 readings in the A-direction plane of GB1A were 
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indicative of this type of error; however, further study reported in 
Section 4.4.8, shows this to be a result of natural phenomena at the 


site. 


4.4.8 External Factors Affecting Measured Deformations 

Several external factors related to the installation 
procedure and site conditions cause deformations. These include: 
recovery of equilibrium conditions around the casing; the effect of 
stratigraphy; and, settlement and heave of the casing. They are not 
unique to this study, but they are particularly important because 
the magnitude of associated movements is significant in relation to 
deflections shown in the deflection versus depth profiles (Figures 
4.9 through 4.16 inclusive). These factors are discussed separately 


in the following subsections. 


Recovery of Equilibrium Conditions 


Drilling, sampling, and instrumentation procedures described 
in Chapter III caused a change in equilibrium temperature and stress 
conditions around each drillhole. 

Temperature changes resulted from mud-rotary drilling, 
flushing, and placement and hydration of the grout. Mud-rotary 
drilling and placement of grout caused a decrease in ground 
temperatures, while flushing and hydration of the grout caused an 
increase. Although it is impossible to assess the significance of 
each procedure, it is likely that hydration was the most important. 


Data presented in Figures 4.1, 4.2, and 4.3 show that temperatures 
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after hydration were relatively warm, causing a negative temperature 
gradient which in almost all cases prevailed until the July, 1975 
readings. 

The stress field around each inclinometer casing changed as a 
result of drilling and sampling, placement and set of the grout, and 
frost heave associated with the negative temperature gradient 
mentioned above. Drilling and sampling activities disturbed the 
equilibrium stress field and doubtlessly caused high stress 
gradients around each opening. These stress gradients probably 
decreased as a result of placement and set of the grout, and 
decreased further as a result of frost heave associated with cooling 
temperatures which followed the hydration process. 

It is assumed that these transient temperature and stress 
conditions caused small, random deformations which developed most 
rapidly in the several days immediately following placement and 
hydration of the grout, and continued to develop, at a decreasing 
rate, until recovery of stress equilibrium was complete. Moreover, 


: in the inclinometer 


it is assumed that erratic local deformations 
data are directly related to this recovery process. These 
deformations are most pronounced in May and July, 1975 readings and 


approach negligible magnitudes by the end of 1975. The small 


magnitudes, random occurrence, and erratic behaviour of these 


lErratic local deformations are those which impart a zig-zag or 
wavy appearance to the deflection versus depth profiles. They are 
rarely progressive with time, and may or may not appear in 
successive data sets. 
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measured deformations preclude the possibility of any direct 
analysis; however the same characteristics render the deformations 
suitable for statistical analysis!. 

As background for the statistical analysis, it must be 
remembered that under ideal conditions the long axis of the digitilt 
inclinometer and that of the casing in which it runs are parallel, 
regardless of the inclination. When the casing deforms, in addition 
to .the change iny»inclination, there “is a slight distortion of the 
tracking grooves which effects a degree of non parallelism. The 
instrument records this non parallelism: A-direction readings are 
directly affected because the bottom of the tracking grooves, which 
control the A-direction sensor, is easily distorted; B-direction 
readings are less affected because the walls of the tracking 
grooves, which largely control the B-direction sensor, are much less 
sensitive. This is an apparent condition, however, because 
deformations associated with the recovery of equilibrium are 
randomly distributed around the casing, and the B-direction grooves, 
although not monitored, are doubtlessly affected in an identical way. 

The non parallelism is manifest in the degree to which SUMS 
of opposing A or B-direction readings correspond in successive 
readings at respective depths. For example, Table 4.6 shows a 
complete set of inclinometer data for GB3. The SUMS have been 


determined at each depth, and the mean and standard deviation of 


SUMS have been calculated for each of the A and B directions. For 


lA format for the statistical analysis was provided by Dr. G.E. 
Green, P.E., Shannon and Wilson, Inc., Seattle, Wa. 
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any subsequent set of data, increased non parallelism is reflected 
in a general increase in the absolute magnitude of the SUMS, and, 
therefore, an increase in the standard deviation of SUMS. Thus, an 
increase in the standard deviation is an index of a proportionate 
increase in the degree of non parallelism. 

Plots of standard deviation versus time for the A and B 
directions of each inclinometer casing are shown in Figure 4.24. 
These indicate that from the time of grout placement, when the 
casing grooves are presumed to have been perfectly parallel, there 
is a change in the standard deviation with time. This change takes 
place at a decreasing rate, reaching a quasi-stable magnitude in the 
latter half a 1975. In each insallation, approximately 50% of the 
long-term erratic movement occurs within a period of 25 to 50 days 
following placement of the grout, and approximately 754 within a 
period of 7/5, to) LOO days. After approximately 75 to 100 days, the 
variation between successive sets of data is generally small enough 
that overall ground movement at the scale of creep deformations may 
be distinguished from erratic local deformations. 

These results lead to several important conclusions: 

1. The data appear to support the theory that recovery of 
temperature and stress equilibrium around inclinometer 
casings cause erratic local deformations. 

2. As expected, the data reported in Figure 4.24 indicate 
that A-direction readings are much more sensitive to 


errotic deformations than B-direction readings. Since 
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these movements are randomly distributed, the A-direction 
measurements are representative of conditions around the 
entire circumference of the casing. 

The standard deviation of SUMS is a relative measure of 
non parallelism, but since the tracking grooves can have 
a reasonable degree of non parallelism and still give 
excellent reproducibility, it is the rate at which 


erratic deformations develop, relative to the rate of 


creep deformations, which is the most important criterion. 


Figure 4.25 shows the rate of change of the standard 
deviation of A-direction SUMS for each of the 
inclinometer casings based on the data in Figure 4.24. 
The GB3 data show an almost constant decrease in rate as 
2 fanetron oretime, = ine -overalletrend fis =similar for 
GB1A and GB2, although anomalous instrument behaviour in 
August, 1975 causes a significant departure. 

On ithe bdsis'*of tthisiwork?) iLtivis fconcludeditthatva 
rate of change of 0.3 dial units/day is a maximum above 
which erratic deformations visually dominate deflection 
versus depth profiles to the extent that net ground 
movement at the scale of creep deformations are 
obscured. Data reported for GB2 in Figure 4.25 exceed 
this rate for approximately one quarter of the monitoring 
period, and this is one reason for difficulty in 


interpreting deformations in GB2, as discussed in Section 
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4. When an inclinometer probe is not functioning properly, 
plots of the standard deviation SUMS as a function of 
time give an indication of this condition, and plots of 
rate of change of standard deviation of SUMS allow an 
assessment of whether or not the anomalous behaviour is 


of a sufficient scale to warrant rejection of the data. 


Stratigraphy 

The distribution of erratic and progressive movements in the 
deflection versus depth profiles (Figures 4.9 through 4.16 
inclusive) correlates with two aspects of the stratigraphy of the 
slope. 

The first correlation, is the preponderance of erratic local 
deformations in certain lithofacies. To analyze this condition, 
inclinometer readings from within each discrete lithofacies (sand, 
clay, etc.) in each hole were studied statistically according to the 
format described in the preceding subsection. Not all data could be 
used because the number of readings within some lithofacies is too 
small to form a reasonable population for the necessary normal 
distribution. 

The results illustrated in Figure 4.26 show that in each hole 
the largest standard deviation of A-direction SUMS generally occurs 
in the unit or units through which the most sampling and/or drilling 
difficulties were encountered. This includes the sand in GBI1A, the 


till in GB2, and the clay with sand and coal beds in GB3. Values 
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for the clay are reasonably consistent among the three holes. This 
is probably a result of fairly consistent drilling and sampling 
conditions. 

In general, the data indicate that a correlation exists 
between the standard deviation of A-direction SUMS and stratigraphy; 
however, this is considered coincidental, and the true correlation 
lies with drilling and sampling practice as it is affected by the 
stratigraphy. It is likely that difficulties in making hole, 
specifically because of washing or lost circulation in the granular 
soils, and cobbles and boulders in the till, caused increased 
disturbance around the hole, therefore increased frequency of 
erratic local deformations associated with recovery of equilibrium 
conditions. In addition, these difficulties probably caused 
significant variation in hole diameter, which led to unusually 
non-uniform stress distributions during grout set. 

The second correlation is between deformations and ice-rich 
soils, especially those with pervasive ice lenses more than 2.5 cm 
thick. ihe as illustrated in Figures 4.9 through 4.16 anclusive, 
where A and B-direction deformation profiles are plotted adjacent to 
the moisture/ice content profile from the same, or a nearby hole. 

Where single ice lenses or zones containing closely spaced 
ice lenses are separated by 2 m or more, movements are typically 
large and cause very sharp deflections. Examples of this occur at 
the 15 m depth and between 29 and 34 m in GBI1A, at the 12.6 m depth 
in GB2, and it is assumed ice lenses are associated with the sharp 


deflections at the #1.0vand) 15.5 m depths tin GB3. In the A 
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direction, these movements are frequently, but not consistently 
progressive with time, contributing a net downslope deflection. In 
the B direction, movements are similar, but rarely cause any net 
deflection. 

Where single ice lenses or zones containing closely spaced 
ice lenses are spaced at less than 1m, and the natural moisture 
content of soil between the ice lenses is at least 25% to 3024, 
movements are typically smaller and much less abrupt. These are 
generally progressive with time in the A direction and cause net 
deflection in one direction, although the pattern is occasionally 
interrupted by a reversal in the sense of movement. Movements in 
the B direction tend to be slightly smaller in magnitude and show no 
significant net deflection. Examples where net downslope deflection 
occurs are between 20 m and 25 m in GB1A, above 4 m in GB2, and 
between 3 and 7 m in GB3. The only place where net (downstream) 
displacement occurs is between approximately 6 m and 8 m in GB2. 

In summary, the data indicate a correlation between movement 
and ice lenses. Where ice lenses are widely spaced (greater than 1 
to 2 m), movements are large and abrupt, causing sharp deflections 
in the deflection versus depth profile; where they are closely 
spaced (less than 1 m), movements are smaller. A-direction 
movements are frequently, although not consistently, progressive 
with time and generally cause net downslope deflection. In terms of 
homogeneous strain through any ice-rich section of the overall soil 


profile, the resulting deflection pattern approximates simple 
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shear. In the B direction, movements occur at similar depths, but 
are smaller in magnitude and rarely cause net movement in either 


direction. 


Settlement and Heave of the Casing 

The kinematics associated with settlement and heave are 
illustrated schematically in Figure 4.27. It is assumed compressive 
and tensile stresses seated in both the active layer and the zone of 
annual temperature fluctuation are transmitted through the 
inclinometer casing and grout column. Compressive stresses cause 
increased curvature by forcing the pile-like system laterally 
outward into the encompassing soil, tensile stresses pull or 
stralghten the system and cause decreased curvature. Through the 
summer season, and up to approximately the culmination of warming of 
ground temperatures, lateral movement outward in response to 
settlement is progressive. Through the winter season, and up to the 
culmination of cooling of ground temperatures, lateral movements are 
progressively inward in response to heave. 

Typical plots of deflection as a function of time for the A 
and B directions at four discrete measuring depths are shown in 
Figure 4.28 together with mean velocities determined from 
least-squares linear regression analysis. The data indicate that 
settlement and heave were active processes throughout the monitoring 
period. In the B direction, which is assumed to be free of overall 


ground deformation, each data set has a sinusoidal distribution 
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about its mean velocity with a wavelength of approximately 365 

days. Lateral movement associated with settlement and heave is 
progressive, but opposite in direction during periods of ground 
warming and cooling respectively, and the net lateral movement after 
one year’ Us"small,. “inthe At direction, conditions are iadentical, 
although the sinusoidal distribution is obscured because lateral 
movements resulting from settlement and heave are superimposed on 
natural ground deformations associated with creep. 

Figure 4.28 also indicates that early data from the A and B 
directions show significant departure from their respective 
regression lines. This is a result of accelerated warming and 
anomalously large settlement in the zone of annual temperature 
fluctuation during the summer season immediately following 
installation of the inclinometers. On the basis of these 
observations, it is recommended that inclinometer installations in 
fine-grained permafrost soils be completed during, or shortly after 
the period of maximum cooling of ground temperatures. This ensures 
that settlement or heave-related loading is initially compressional, 
preserving the continuity of the inclinometer casing and grout 
column. It is also recommended that thick-walled plastic casing be 
used to complete the surface installation, in order to minimize heat 
conduction and associated heave during winter months. 

Breakage of the GB3 casing at the 2.5 m depth between March 
and June, 1977 is considered to have been caused by heave and is 


further evidence that vertical deformations occurred in each 
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inclinometer installation. Removal of heat via the steel casing, 
and heave resulting from anomalously low ground temperatures 
probably lead to failure of the inclinometer casing and grout 
column, and separation of the two ends by an estimated 1 cm. 

In summary, these data indicate that settlement and heave 
affect the entire length of the inclinometer casing. The process 
causes small movements which are progressive with time during the 
summer and winter season, but reverse their sense of movement as the 
season changes. This effects an apparent cessation or reversal to 
some patterns of progressive movement. After one year, the net 
movement induced by these processes is zero. Hence, the mean 
velocity determined from data for a one year period accurately 


represents the true rate of ground deformation. 


4.4.9 Delineation of Creep and Shear Deformations 

Data presented in Section 4.4.7 demonstrated that the overall 
accuracy of the University of Alberta Digitilt inclinometer was, in 
general, better than the specifications given by the manufacturer, 
and easily sufficient to resolve deformations several times smaller 
than deflections shown in the deflection versus depth profiles 
(Figures 4.9 through 4.16). In Section 4.4.8 the influence of 
erratic local deformations emerged as a more serious concern than 
instrument accuracy, but with the aid of several special analytical 
techniques it was possible to distinguish between erratic local 


deformation and net ground movement. 
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Plots of deflection versus time (Figure 4.28) proved to be 


particularly useful for clearly delineating net ground deformation. 


Therefore, a computer analysis routine was prepared to generate line 


plots of this type, perform a linear regression fit, and determine 
velocity for each of the A and B direction at each measuring depth. 
The velocity data from this analysis are plotted as a function of 
depth for each inclinometer casing in Figures 4.29 through 4.31. 
These plots show deformation patterns much more clearly than the 
deflection versus depth plots (Figures 4.9 through 4.16). 

Consideration of the deflection versus depth profiles and 
velocity versus depth profiles indicates that two deformation 
patterns cause net ground movement in the inclinometer casings. 
Moreover, each shows significant correlation with the distribution 
and size of ground ice structures. 

The first deformation pattern is represented by net movement 
in one direction over depth invervals that are several metres 
thick. This deformation pattern is best developed through ice-rich 


sections of the soil profile. Strain! 


is commonly greatest near 
the bottom of the depth interval and decreases upward imparting a 


velocity profile which appears to attenuate to some degree near the 


top of the depth interval. Velocity gradients are however, 


pseudo-uniform over certain depth intervals. The second deformation 


pattern is represented by apparent shear through depth intervals 


that are typically less than 1m thick. This deformation pattern 


Iplane strain conditions are defined by the inclinometer data. 
Zero net vertical strain is assumed. 
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frequently occurs in the proximity of pervasive ice structures. 
A discussion of these deformation patterns as they affect 
each of the inclinometer casings is given in the following 


subsections: 


Casing GBI1A 

Figure 4.29 indicates net downslope (A direction) velocity 
through the medium to high plastic clay lithofacies. Although the 
data are scattered, the velocity at the top of the lithofacies is 
between 0.25 and 0.30 cm/year, and at the mid point is between 0.15 
and 0.20 cm/year, indicating the strain rate through the lower half 
of the lithofacies is slightly higher than through the upper half. 
This is interpreted as creep deformation. 

The creep pattern shows some relation to both the scale and 
the spacing of ground ice structures as inferred from the GBl core 
logs (Figure 4.9). Above the 29 m depth where ice lenses are large 
and closely spaced the velocity gradient is pseudo-uniform. An 
approximate strain rate! through this zone is 2.0 x Mere 
RSE, Between approximately the 29 and 34 m depths, where large 
ice lenses are more widely separated, the velocity is erratic, with 
proportionally more movement associated with the large ice lenses. 
Below the 34 m depth, where only small ice lenses are present, the 
velocity gradient is again pseudo-uniform at an approximate rate of 


strain of 0.4 x 1074 year}. 


lall values of strain rate are based on a linear regression fit to 
velocity data over the specified depth interval. 
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B-direction deflections through the same lithofacies 
oscillate about approximately zero deformation (Figure 4.10), with a 
small but insignificant constant downstream velocity (Figure 4.29). 

No creep deformations are evident in the sand lithofacies. 
This does not preclude the possibility of creep deformation in the 
sand. Data quality is poor because of drilling and grouting 
duiiieulties assdiscussed in @Secftions 3.4.3 and 3.6.1, and this may 
obscure any evidence of creep deformation. 

At the contact between the two clay lithofacies there is an 
indication of shear in the A direction which causes net downslope 
movement. Shear is also likely in the sand lithofacies between the 
11 and 12 m depth. This may be related to the presence of a thick 


ice lens at between the 13 and 14 m depths in cBll., 


Casing GB2 

Velocity data from this inclinometer casing are shown in 
Figure 4.30. Through the medium to high plastic clay, deformation 
rates range as high as 0.70 cm/year and are generally larger than in 
either of the other inclinometer casings. Over some depth 
intervals, a pseudo-uniform velocity gradient may be inferred with 
approximate shear strain rates of between 8.0 and 12.0 x 10-4 


year |, but correlations are typically poor and the values are not 


las part of another site investigation programme in the Great Bear 
River area (Northern Engineering Services Limited, alternate river 
crossings of Great Bear River) the author found steeply dipping ice 
lenses in association with shear planes through the sand 
InchoLacies. 
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considered reliable. Moreover, between the ground surface and 
approximately the 3 m depth, correlation among deflection versus 
time data is so poor that meaningful velocities could not be 
determined. 

The reason for difficulty in interpreting data through the 
medium to high plastic clay cannot be defined with certainty on the 
basis of this study, but the presence of numerous slickensided 
surfaces in cores (Appendix B), and progressive squeezing of the 
inclinometer casing at certain depths (Table 4.1) suggest a complex 
network of shear planes affect the inclinometer casing and probably 
cause the erratic deformation pattern. This 1s supported by data 
presented in Section 4.4.8 where it was shown that erratic 
deformation affected the GB2 inclinometer casing during most of the 
monitoring period to the extent that interpretation of net ground 
movements at the scale of creep deformation was expected to be 
ace Cull 

Although data from the low to medium plastic clay (till) were 
shown to be of poor quality in Section 4.4.8, data in Figure 4.30 
indicate a pseudo-uniform downstream (true B direction) velocity 
gradient through this lithofacies. The approximate strain rate 
derived from these data is 1.5 x ia yearuan Data through the 
same stratum in the true A direction show a small but insignificant 


constant upslope velocity. 
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Casing GB3 


The deflection versus depth profile in Figure 4.15 indicates 
downslope (A direction) movement in both clay lithofacies above the 
14.9 m depth. This movement is interpreted as creep deformation. 
Data in Figure 4.31 indicate that velocities associated with this 
movement range from approximately 0.10 cm/year de the 14.9 m depth 
to between approximately 0.25 and 0.30 cm/year at the 2.1 m depth. 
The velocity gradient over this depth interval is relatively uniform 
and indicates a shear strain rate of 0.9 x 1074 year}. 

The creep pattern shows approximately the same relationship 
to ice structures as was described for casing GBlA. Between depths 
of 3.6 and 7.2 m, ice lenses are large and closely spaced, and the 
velocity gradient appears to be quite uniform. Between the 2.1 and 
3.6 m depths, ice lenses are relatively smaller and more widely 
spaced, and deformations are sharper and associated with ice lenses. 

B-direction deflections oscillate about zero deflection 
(Figure 4.16) between the 2.1 and 14.9 m depths, with zero net 
velocity (Figure 4.31). 

Data in both the A and B directions above 2.1 m appear to be 
affected by the presence of the steel casing, and hence are not 
considered as reliable indicators of creep movement. 

Some evidence of downslope (A direction) shear movement is 
evident in Figure 4.15 between the 15.0 and 15.5 m depths. On the 
basis of grab samples and correlation with hole GB2, this shear zone 


appears to have developed in medium to high plastic alluvial clay. 
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TABLE 4.2 


THERMISTOR INSTALLATION DATA 


HOLE CABLE 
NUMBER NUMBER 


THERMISTOR NUMBER - DEPTH 
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Jee 2 OF, 


(metres) 


Ze 210). O7, 
Sp hs VAD h 6) 


PS EES 
By et P50 


2 
5 
8 


Bae G. 46 


Geers eas 
9a 253504 


Bae 0) Oler6 


Shep EES 14 
G2 5196 


Sh Ta Oe els) 
(oh ee LES ee) 


UES 


ie | 
7s | ; 
op 
. - 
~ ~ 
ea S.J4aA7 
aq YOrTAd. E goed) MASHT 


- ; owe ~~ " ‘ — . as 

ria ~ ASG AGT RT | areay | “BAO Ff 

4 anamim. | SaeMUM D, 

oe " Ee a a enh Reel . - 7 
at. ‘ . ALsD. ‘ 

| os 7 7 


158 


“]S$-Z pue 1S-] SewNjoA Ss] eCuUdON UbIpeuRED yo AaeuMINg JUOWUOTLAUG Jtaaydsouqy fepeueD JUoUUOITAUY WOT PauUTeIqO BIep TITY =3ION 


pe qeurjse 
poisn(pe 

SUOT} BJS atou 410 7 WOIZT BJep pauTquods 
sieak Q] ueyd ssa] 

OL61 PUB [61 Uwamieq siPak HT OF OT 
OL61 PUE 1461 Vaemqeq savek 6] OF GT 
0261 PUe 1y61 Yaemjaq Si1eaK HZ 07 CZ 
0/61 Pue [HG Uaamyaq sieak 67 02 CZ 
aiow 10 ‘Q/61 PUB 161 Uaemzeq sieak OF 


ANIM THOrR DD 


jewioN jo odd] apo9 


:Aurmolj;oy ayy Aq uaars st KaoXaqyeo yoea ayndwod oj pasn pio0dse1 Jo poriad ]eNIDe AYLx 


TTejymous 
atqeinseaw yim skeq jo JaqumN 


Lies useU 
@1Geinseaw yim skeq jo 1aqunn 


uotTqye jid 19814 
a1 qeinseapw yqim skeq jo iaqumN 


aeax 
(wd) SAH HZ UL 1] BJMOUS 3s8a7Bb219 


aea, 
(um) SIH HZ UL []TeJUTeY I897e819 


aeaX 
(ww) SAY HZ UT UO1qeIIdIDaI1g 38928219 


(Wd) ]1BJMoug uea_ 


(um) []SJUTeY UBOW 


(um) uoTqeqIdT3e1g [BIO] uPaW 


qsoi1g yam sheq Jo Jaqumy 


AeaR 
aanjeiadmay umwututipq awarqxg 


aanjeiadway wrmtxey A]1eq uPAW 


ainjeiadway Aj1eq ueay 


dd AL YVAA “OSd “AON “LOO at AOL 7 AYODSLVI 


“L°M°N SNVWHON LYOA HOA VLVG OLLVWIIS 


€°7 Fav 


= 
-_ 


’ 4 wert 
crraeis 


som (ay a wan 


HOLE 
NUMBER 


GB1B 
GB3A 


17, 


TABLE 4.4 


PIEZOMETER INSTALLATION AND CALIBRATION DATA 


PIEZOMETER DEPTH OF PIEZOMETER 
NUMBER PIEZOMETER TIP CALIBRATION 
(metres) (kPa) 
644 40.4 =(7.09xReading)-35.85 
613 30.5 =(7.12xReading)-28.96 
TABLE 4.5 


INCLINOMETER SPECIFICATIONS 


SENSOR: Slope Indicator Company Model 50320 


Sensitivity: + 0.0015 m per 30 m casing 
Total System Accuracy: + 0.0076 m per 30 m casing 
Wheel Base: 61 cm 
Overall Length: 93 cm 
Outside Diameter (not 
including wheels): dy EE Sasa 
Sensors: Two 0.5 g closed loop force-balanced 


servo accelerometers 


Operating Range: O° “ton 30° Stfromivercical) 


CABLE: Slope Indicator Company 1.07 cm 0.D., six conductor with 
0.16 cm stranded-steel core; waterproof neoprene cover 
with external marks at 0.31 m intervals. 


INDICATOR: Slope Indicator Company Model 50306 
Dimensions: 1 axX sO Umxae 2 39) GM 
Weight: 2527 ake 
Internal Power: 6V, 6 Ah 
Charger: External; 6 VDC 
Operating Time on 

Batteries: 8 hours 
Digital Display: 4 digits 
Recording: Manual 


CASING: Slope Indicator Company ABS Plastic Casing & Couplings 


Casing Length: 32.0 
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TABLE 4.6 


EXAMPLE OF STATISTICAL ANALYSIS OF INCLINOMETER DATA 
HOLE GB3 


STATISTICAL ANALYSIS FOR DATA SET 11 OBTAINED ON MARCH 1, 1977 


DEPTH A DIRECTION B DIRECTION 
(metres) (dial units) (dial units) 
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From Sums of A: From Sums of B: 

Mean = 63 dial units Mean = -83 dial units 

Standard Deviation: Standard Deviation: 
Soto) .dialjunits = + 9 dial units 
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THERMISTOR DATA 
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FIGURE 4.1: TEMPERATURE VARIATION SUBSEQUENT 
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THERMISTOR DATA — HOLE GB2 
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NUMBER (M) 


0.91 
4.57 
7.01 
10.67 
1A 
16.76 
19220 
21,03 


ow wm < NM Oe Oo K + PDP @ 


O 
WwW 
Oo 
=) 
— 
<x 
oc 
WwW 
a 
= 
Ww 
e 


TIME SINCE GROUTING (DAYS) 
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THERMISTOR DATA — HOLE GB3 
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FIGURE 4.5: TEMPERATURE GRADIENT FOR HOLE GB2 
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FIGURE 4.6: TEMPERATURE GRADIENT FOR HOLE GB3 
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EQUIVALENT ANGLE ERROR CALCULATED AROUND 1° (DEGREES) 
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CHAPTER V 


CREEP BEHAVIOUR OF UNDISTURBED GLACIOLACUSTRINE CLAY 


UNDER SIMULATED FIELD CONDITIONS 


inte noOzen eslopes im ivery erce=-rich isoils) may. beviexpected 


to behave as if they were composed of pure ice, i.e., 
simmliary ito matural glaciers se (Pipeline Application 
Assessment Group, Mackenzie Valley Pipeline Assessment, 
ppe B99) 


Paeesintrodu ction 

In order to proceed with numerical analysis of steady state 
creep deformations in the slope at the proposed Arctic Gas crossing 
of Great Bear River, it is necessary to determine constitutive 
equations which describe the stress-strain-time behaviour of the 
materials. These equations require certain empirical parameters 
which are derived from laboratory tests. 

Measurement of these parameters has been the focus of many 
recent studies, but significant fundamental disagreement remains 
because of a paucity of long-term field data with which to compare 
the laboratory results. This study afforded a unique opportunity to 
overcome this constraint, and hence a laboratory programme was 
undertaken in order to measure steady state creep behaviour of 
ice-rich core samples at temperatures and stresses which simulated 
field conditions. Inclinometer data presented in the preceding 


chapter clearly showed that long-term creep deformations affect 
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fine-grained, ace-rich glaciolacustrine and morainic soils, at the 
site. Only the medium to high plastic glaciolacustrine clay was 
tested in this programme, however, because sampling difficulties in 
the morainic soil precluded use of the few samples which were 
obtained. 

Developments in the understanding of steady state creep 
properties in ice, reconstituted frozen soils and natural permafrost 
soils, are briefly surveyed in this chapter in order to establish a 
perspective with which to assess the laboratory data. This is 
followed by a discussion of the laboratory programme, and 


presentation and analysis of the results. 


DadpeiRneologucadlesPropertiesrof Ice 

The rheology of permafrost soils is related to that of ice 
when ice forms disseminated structures or is present in the pore 
spaces of a soil mass. Excellent reviews of the deformation 
properties of ice have been prepared by Colbeck (1970), Glen (1975), 
Hobbs (1974), and Paterson (1969). The following discussion 
summarizes portions of these reviews that relate to the creep of 
frozen soils. A temperature and stress range of interest in 
geotechnical engineering is implicit in this discussion. 

The fundamental crystalline form of ice is hexagonal. Each 
crystal may be imagined as a series of hexagonal-shaped plates 
aligned concentrically along a single axis known as the optic or 'C' 
axiGoetplie mace of eache hexagonal plate (normal to the: C° axis) as 


referred to as a basal plane. 
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The basal plane is the only pervasive structural weakness in 
the lattice. Single crystals deform most easily along this basal 
plane by a process referred to as basal glide. They also deform 
when oriented for non-basal glide, but stresses must be in the order 
of 20 times greater to achieve the same deformation. In this case, 
movement occurs along structural irregularities in the lattice known 
as dislocations. These two conditions are referred to as easy glide 
and hard glide respectively (Glen 1958; 1963). 

It is generally accepted that ground ice in frozen soil is 
made up of polycrystalline ice. Deformation processes in 
polycrystalline ice are much more complex than in single crystals 
because movements are restricted by the confinement of individual 
crystals. Barnes et al (1971) suggested that hard glide dominates 
creep deformation below temperatures of -8°C. At warmer 
temperatures, they proposed that deformation is associated with 
cracks opening between crystals, grain boundary sliding and 
diffusion of water along grain boundaries into dilating zones, and 
as temperatures approach the freezing point (especially above -1°C), 
pressure melting and regelation dominate the overall deformation 
process. 

The creep behaviour of polycrystalline ice in response to the 
application of load may be represented by four deformation 
processes.» Eachsis illustrated schematically in Figure 5.1 and 
described below; collectively they represent undamped creep 


behaviour (Vialov, 1965): 
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OA 


CD 


Instantaneous (elastic) and primarily recoverable 

strain 

Primary or transient creep at a decreasing rate of 
strain 

Secondary or steady state creep at a constant and 

minimal rate of strain 

Tertiary Creep at» an increasing rate of strain 


culminating in failure 


Creep tests in compression, tension, shear, and other more 


specialized conditions have been carried out to determine a 


constitutive relationship for polycrystalline ice in the secondary 


creep mode. The most common flow law determined is a simple power 


fawmtotethe form) (Glen, 1953-" 1975) = 


Me 


where 


n 


Morgenstern et al. (1979) completed an extensive review of published 


= n 
€ = Bo (5k, ie) 


is the uniaxial creep rate, 

untaxtaw stress, 

a constant with dimensions of (time)! (stress), 
and 


avdimensionless constant 


secondary creep rates and determined the following values for the 


constants B and n: 
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In order to relate this empirical flow law to more complex 
stress systems encountered in field applications, many authors 
(Emery and Nguyen, 1974; Ladanyi, 1972; and, Roggensack, 1977) have 
adopted effective stress and strain rates as defined by Odqvist 


(1966). Roggensack (1977) reported these as: 


Where 


ij 


These relations assume the material is isotropic and 
incompressible, creep rates are unaffected by the hydrostatic part 


of the stress tensor, 


coaxially 


=10 


Me 


Raseeaione 


OOee LOR 


a Omex 1078 


SIO 


is the effective stress, 


the second invariant of deviatoric stress, 


the deviatoric part of the stress tensor (the stress 


deviator) 


the effective strain rate, 


the second invarvant of strain rate, 


the creep rate tensor. 


law expression in Equation 5.1 is recovered. 


he) 


330 


Exel 


[5.3] 


and the tensors of stress and strain rate are 


In the special case of uniaxial loading the simple power 


and 
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5.3 Rheological Properties of Reconstituted Frozen Soils 


Frozen soil is a multicomponent system made up of assemblages 


of solid granular minerals and/or organic matter, polycrystalline 
teemeueterpcontaining ssoiute, wandyaivegorsother  sgasesy (This 
heterogeneity, coupled with the many physical and thermodynamic 
variables which collectively control the interrelationship of the 
components, causes considerable complexity in geotechnical analysis. 

Creep processes in frozen soils are complex. In North 
America, the main process is thought to involve localized pressure 
melting of ice caused by a build up of stresses at soil-ice 
contacts. This water moves under a pressure gradient induced by 
external loading and internal surface tension, to regions of lower 
stress where it recrystallizes. At the same time, ice remaining in 
the pore spaces deforms in the manner described in Section 5.2. 
Both of these conditions facilitate particle rearrangement which is 
effectively creep deformation of the soil mass (Andersland et al., 
1978). In the Soviet Union, the initiation and development of creep 
behaviour in frozen soils is presently linked to the growth of 
microcracks along structural defects in the soil mass. Water moves 
into these dilatant zones where it refreezes. Deformation of pore 
1ce and particle rearrangement, although not clearly accounted for, 
seem implicit in this deformation model. 

When load is applied to frozen soil it responds with either 
damped or undamped creep behaviour as illustrated schematically in 


Figure 5.1. Damped creep is characterized by two processes (Vialov, 


1965): 
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1) OA - Instantaneous and primarily recoverable strain. 
2) AE - Primary or transient creep with decreasing strain 
rate which attenuates to a limiting strain. 
Undamped creep is characterized by the four processes described for 
Poe® fi sSeCtiom S27: 

The stress level above which undamped creep occurs is not 
well defined. Polycrystalline ice creeps at small stresses, and 
hence it generally forms an upper bound for undamped creep. As the 
soil concentration increases, creep deformations are ultimately 
inhibited “by sthe mobilization of frictional resistance in the soil 
mass. ithe <so1l-iceuconcentration, where this’ occurs, is a function of 
ambient temperature, soil composition and texture, and loading 
conditions. 

Anderson and Morgenstern (1973), Andersland et al. (1978), 
and Roggensack (1977) have reviewed numerous published laboratory 
studies on the creep behaviour of reconstituted frozen soils. These 
provide a good overall assessment of the relative influence of 
factors such as soil type, ice content, temperature and stress on 
creep behaviour. Because creep testing is very time consuming, and 
because the results are sensitive to small temperature changes when 
ambient conditions are near the freezing point, most testing 
programmes have been undertaken at temperatures and stresses extreme 
to those encountered in practice. Despite this constraint, some of 
the conclusions reported by these authors are relevant to the 
present study. 


Secondary creep rates may exceed those of clean 
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polycrystalline ice in a medium where granular soil is dispersed 
thinly through an ice matrix . Increases in soil concentration, 
however, ultimately cause an exponential decrease in creep rate. At 
void ratios representative of sand deposits at the proposed Arctic 
Gas crossing of Great Bear River, creep behaviour in compression is 
damped provided the frictional strength of the sand is not exceeded 
(Hooketeteale ,ol972:aSaylese 1968501973) 

Ice-rich, fine-grained soils typically show undamped creep 
behaviour. Most authors (Perkins and Ruedrich, 1973; Sayles and 
Haines, 1974; Vialov, 1965) interpret secondary creep data in terms 
of a simple power law of the form given in Equation 5.1; however, 
many of the tests reported appear to have been terminated before 
strain rates reached a minimum, and hence empirical values of the 
exponent in the flow law are, in general, higher than for true 
steady state conditions. The exponent values converge on 3 as test 
duration and data quality improve indicating close correspondence 
with exponent values for polycrystalline ice. Tests generally show 
a relationship between confining stress and strain rate indicating 
some frictional response. In ice-poor, fine-grained soils only 
damped creep behaviour is indicated provided the frictional strength 


of the soil is not exceeded (Sayles and Haines, 1974). 


5.4 Rheological Properties of Natural Permafrost Soils 
Creep properties determined for reconstituted frozen soils 
cannot be indiscriminately applied to natural permafrost soils 


because the cryogenic textures typically show some degree of 
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difference. In pore ice facies, the differences are of relatively 
little significance because ice is only present through the soil 
matrix. In situ void ratios can be measured and then re-generated 
in artificial samples relatively easily, and therefore ice 
structures are representative. In reticulate, segregated and 
stratified ice facies, however, ice is present through the soil matrix 
as well as in complex arrays of veins. Vialov (1965) reported a6 the 
strength between soil particles and an ice matrix exceeded that 
between soil particles and adjacent ice veins. It may be inferred 
from this that under certain loading conditions deformations are 
localized along ice veins. Since the cryogenic textures of 
reticulate and segregated ice facies, and to a certain extent 
stratified ice facies cannot be recovered in artificial samples, it is 
therefore necessary to undertake testing of natural permafrost soils. 

Thompson and Sayles (1972) investigated the steady state 
creep behaviour of very ice-rich Fairbanks silt in association with 
in situ monitoring of deformations in a tunnel partially excavated 
through the same material. Samples were tested at temperatures of 
-1.7°C in unconfined compression at stress levels between 
approximately 250 and 2000 kPa. The results showed suprisingly 
close agreement with a flow law of the same form as Equation 5.1 
with an exponent of 4. Numerical analysis using this relation 
accurately predicted tunnel deformations. 

Roggensack (1977) reported creep tests on ice-rich 
fine-grained glaciolacustrine sediments from the Mackenzie River 


Valley. The tests were carried out in modified triaxial cells at 
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varying confining pressures and at temperatures of approximately 
-1.0°C. Deviatoric stresses were varied from 20 to approximately 
400 kPa. The data showed considerable scatter, but appeared to 


detine ambulainearm flow lLawtor 'tthestorm: 


e= Ac! + Boo [5.4] 
where 
€ is theuniaxial strain rate, 
fe} ws ithe devratoricus tress rand 


A, B, n, and n, creep parameters dependent upon 


temperature and stress. 

Roggensack (1977) considered that the departure from non-linearity 
was related to differences in cryogenic texture among the various 
test sane and difficulties in picking a steady state rate in the 
low stress range!, He therefore ignored some of his data and used 
strain rates determined from tests at higher stress levels, together 
with results from other sources to define a flow law of the form 
given in Equation 5.1 with an exponent of 2.75. 

McRoberts et al. (1978) tested glaciolacustrine silts from 
the Mackenzie Valley in a similar manner to that reported by 
Roggensack (1977). The results were interpreted in terms of a 
bilinear flow relation. In the low stress range they determined an 
exponent value of 3, which is similar to that defined by Roggensack 
(1977). At higher stresses, however, because of the bilinear 


relation, they determined an exponent value of 6. 


lDeviatoric stresses below 100 kPa are arbitrarily defined as the 
low stress range. 
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Nixon (1978) reviewed the results reported by Roggensack 
(1977) and McRoberts et al. (1978), before endorsing the latter 
interpretation. 

Roggensack (1977) and McRoberts et al. (1978) also reported 
preliminary findings on the effect of changes in temperature and 
confining pressure on secondary creep rates. Their results 
indicated that an increase in temperature caused an increase in 
strain rate, and fluctuations in temperature were of greater 
significance near O°C where the amount of unfrozen water increased 
proportionately more for any given temperature change. Increases in 
confining pressure caused modest decreases in strain rate, but the 
effects were minimal and much less than in frozen granular soils. 

Insconclusion,. Lt. iuseclean that there —.sanosarcreement ony the 
form of a constitutive relationship for steady state creep behaviour 
in laboratory samples. A linear relation with an exponent of 
approximately 3 is generally accepted in the low stress range, but 
1s disputed at stresses above 100 kPa where data indicate the 
relation becomes bilinear with a new exponent of approximately 6. 

The laboratory programme reported in the remainder of this 
chapter was undertaken in an attempt to resolve these discrepancies, 
and define a flow law and empirical parameters which could be used 
for numerical analysis of secondary creep deformations at the field 


instrumentation site. 


5.5 Constant Stress Triaxial Creep Tests 


Tests were undertaken concurrently in laboratories at the 
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University of Alberta (U of A), and Northern Engineering Services 
Limited, Calgary (NES). Results from both testing programmes are 
analyzed and reported here. 

Temperature and stress conditions for the testing programmes 


were selected in order to simulate field conditions. 


5.5.1 Laboratory Equipment 

Creep tests at the U of A were carried out in specially 
designed triaxial cells fabricated in the U of A Civil Engineering 
machine shop. The cell details are illustrated schematically in 
Figure 5.2. Samples were tested without membranes in a confining 
medium of light paraffin oil, a technique which has been shown to 
have no adverse affect on sample quality (Iverson and Moum, 1974; 
Roggensack, 1977). Temperature of the oil was monitored by a 
thermistor bead embedded at the head of a stainless steel tube 
inserted through the cell cover to approximately mid-height beside 
the sample. The sample temperature was assumed to be identical to 
that of the oil. Temperature control was provided by a solution of 
ethylene glycol regulated in a temperature control bath and 
circulated through heat-exchange coils wrapped in a circumferential 
pattern around the sample. 

Details of the overall apparatus are shown schematically in 
Figure 5.3. The cell was placed on a bakelite centering plate 
inside an insulated cabinet. The cabinet was mounted on a frame of 
channel iron and the entire apparatus was situated in a controlled 


temperature laboratory maintained at between -3 and -7°C. A Hot 
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Pack Model 603340 temperature control bath was elevated over a row 
of four apparatuses. The unit was equipped with a manifold and the 
four cells connected in parallel with taigon tubing. A special pump 
was used in order to adequately service each cell. 

A lever-assisted, dead-load loading frame was used to apply 
constant load. This was transferred to the upper platten via a 
frame narrowly fitted outside of the insulated box. The entire load 
transfer system was aligned during fabrication to ensure no 
eccentric loads affected the load ram. 

Confining pressure was supplied by an air over paraffin oil, 
pressure-regulated supply reservoir. The regulator and air supply 
were situated outside of the controlled temperature laboratory to 
eliminate the possibility of water vapour condensing and freezing in 
the lines. The pressurized oil line was connected to a manifold 
inside the laboratory, from which each cell was supplied and could 
be independently controlled. The cells were filled by connection to 
a larger, pressure-regulated supply reservoir. 

The instrumentation for each apparatus included a thermistor 
and a linearly variable differential transducer (LVDT); an 
electrical resistance strain-gauge diaphram pressure transducer was 
mounted in the central pressure line outside of the laboratory. The 
thermistor was on Atkins PR99-3 calibrated against a quartz 
resistance thermometer!, and mounted in stainless steel tubing as 


described earlier in this section. The LVDT was a Hewlett-Packard 


see Sego (1980, Appendix B) for specifications of this thermistor 
and details of the calibration procedure. 
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24 DCDT capable of measuring displacements as small as 1.0 x 
107" cm. It was mounted so as to measure the displacement of the 
load ram relative to the top of the cell. The pressure transducer 
was capable of measuring pressure changes as small as 0.15 kPa. 
Both the LVDT and pressure transducer were calibrated with equipment 
oe local destien} 

Data were recorded on a Techtran cassette recorder attached 
to a data acquisition system. 

Details of the Northern Engineering Services Ltd. testing 
apparatus have been reported by McRoberts et al. (1978). The only 
Significant difference from the University of Alberta equipment 


described above was that a bellofram system was used to apply axial 


oad 


5.5.2 Sample Description 

Natural permafrost cores, 10 cm in diameter, from holes GBl, 
GB2, and GB3 were used in the testing programme. Those selected had 
the following characteristics: 

(1) The core had a useable length to diameter ratio not less 
than one and one-half and not more than three. 

(2) A pervasive ice structure was present. Veins of ice in 
reticulate and stratified ice ranged from fractions of a 
millimetre to 25 mm thick, and from 10 to 30 mm thick in 
segregated ice; soil layers in reticulate ice ranged from 
40 to 100 mm thick, and in segregated ice from 10 to 30 


mm thick. Ice structures were variable among the 
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different samples, and occasionally within individual 
samples. Although this was considered undesireable, 
there was no alternative in view of the number of 
available samples of suitable length. 

(3) The core was visibly of high quality, with no desiccation 
and no planes of fracture in either the ice or soil 
medium. 


Index properties of all samples tested are given in Table D.3. 


5.5.3 Sample Preparation 

Samples were prepared in a soil preparation laboratory where 
the ambient. temperature was maintained between -3°C and -7°C. The 
ends were trimmed with a band saw before the sample was mounted in a 
soil lathe and turned to an outside diameter of approximately 10 cm. 
Finally, the ends were trimmed parallel on an overhead milling 
machine. 

The dimensions and weight of the sample were noted and 
photographs taken to record the ice structure. Engineering 
properties were routinely determined from the several centimetres of 
core trimmed at each end. These are reported in Table D.3. Since 
the presence of varying amounts of ice precluded any possibility of 
obtaining representative water contents, bulk density is reported 
for the purpose of comparing the relative ice content of different 
samples. 

When trimming was completed, holes for centering pins were 


drilled into the top and bottom of the sample and it was put in 
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place on the lower platten. The upper platten was set in place and 
the loading ball set in the recess at the top of the platten. The 
upper part of the cell was lowered over the sample, and when in 
place, the position of the loading ball was inspected through the 
Poad-rameannu lusmatethestopsorethewcel 1 ~~ Onatwo.occasions this 
inspection showed the top platten to be slightly off centre and 
further trimming was required before continuing. Otherwise, the 
upper portion of the cell was bolted to the base. 

Light paraffin 0il was introduced to the cell through the 
load-ram annulus until the upper load platten was covered. The cell 
was then placed in the insulated box, and while topping of the 
paraffin oil continued, the load ram, instrumentation, confining 
pressure lines, and temperature control lines were assembled. When 
paraffin oil began to displace through the pressure relief valve at 
the top of the cell, all valves were closed, the supply line was 
disconnected, and the insulated cabinet was closed. The lever and 
load transfer system were put in place, and a nominal axial load, 
marginally greater than the reaction of the load ram to the planned 
confining pressure, was applied. Finally, circulation of the 
temperature control fluid was begun and the confining pressure was 
applied. 

The system was allowed between 24 and 36 hours to come to 
temperature and stress equilibrium. Within the first few hours a 
check was made inside the cabinet to ensure that all equipment had 
been assembled correctly and that no hose connections were leaking. 


Monitoring was carried out throughout the stabilization period to 
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check instrument performance. 


Samples tested by NES were prepared in a similar manner. 


5.5.4 Testing Procedure 

By the end of the stabilization period zero readings for the 
LVDT, pressure transducer, and thermistor were well established. 
The load requirement for the desired axial stress was placed on the 
lever arm which was supported by an hydraulic jack. The jack was 
lowered and monitoring commenced at time zero. Loading took place 
Over a period of between 3 and 5 seconds. 

Readings during the first hour were recorded by hand through 
remote monitoring of the data aquisition system. All subsequent 
readings were recorded on the Techtran recorder. At least one 
reading was obtained within the first 45 seconds and approximately 
15"within the farst-hour. From the second to at least the sixth 
hour the reading interval was set at 10 minutes and thereafter 1 
hour. 

Data were transferred at regular intervals to the IBM 360 
computer. The results were processed intermittently by computer so 
the test progress could be accurately monitored. 

As vertical deformation accumulated, the lever was maintained 
in a horizontal position by adjusting the reaction device on the 
lever assembly. For tests which extended for more than 
approximately 2 days, adjustments to the load were made at intervals 
of 0.5% strain to maintain constant stress conditions. 


For tests where secondary creep behaviour was well 
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established over a 50 to 70 day period with no indication of 
acceleration into tertiary mode, the samples were stage loaded to at 
least one higher axial stress level following the same procedure 
outlined earlier in this section. 

Cells were dismantled within a few hours of sample failure or 
termination of the test. All instrumentation and pressure and 
temperature regulation lines were disconnected, and a dummy 
heat-exchange coil was installed inside the insulated cabinet to 
Minimize thermal disturbance to other in-line tests. 


Similar procedures were followed by NES. 


5.5.5 Method of Analysis and Data Processing 

The distinction between damped and undamped creep is 
difficult to define at low stress levels, and within the practical 
time frame available for laboratory programmes. What appears to be 
a secondary creep mode may be attenuating transient creep, and vice 
Bete ay 

Roggensack (1977) considered this problem and concluded that 
the principal of superposition (Conway, 1967), which assumes 
transient and steady state deformations occur concomitantly from the 
time of stress application, should be adapted in order to clearly 
delineate secondary creep rates from laboratory data. He proposed a 
modified Cottrell-Aytekin relation in which the strain € at time t 
is given by the sum of the elastic, transient, and secondary 
deformations, according to the following equation: 


ay denotes [5.5] 
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where Ey is the instantaneous strain, 
Sys the true secondary creep rate, 
B a constant dependent upon stress and 


temperature, and 
m a constant approximately equal to 1/3. 
Differentiating Equation 5.5 with respect to time gives the strain 


rate € at any time t as follows: 


ith Nee ta [5.6] 
where A 1s a constant equal to Bm, and 
a an exponent equal to m-l. 


By systematically calculating strain rate from creep data and 
plotting the calculated data as log é versis sloget pathe Constants A, 
a and 9 can be determined as shown in Figure 5.4. The constants B 
andemamayealsogbescaicibated formsubstitution into Equation 5.5. 
This graphical relationship affords a reliable means of assessing 
whether or not creep deformations are associated with a steady state 
process. If so, the secondary strain rate may be read directly as 
the minimum ordinate value (Roggensack, 1977). 

All data obtained in laboratory tests were processed by 
computer and the output given in printed and plotted form. Typical 
graphical test results are shown in Figure 5.5, and include the 
folvowing® “the classical*plot sof conventional axial strain*as a 
function of time; temperature as a function of time; and log axial 


Ih 


strain rate” as a function of log time, which is the same form as 


lBecause of the thousands of data points for each test, a method had 
to be devised to systematically limit the data. This was accomp- 
lished by using a deformation interval which was a function of test 
duration and which was similar among the different tests. Strain 
rate was determined from a moving, three-point, linear regression 
fit to these data points. 
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Figure 5.4. 

The output data were examined to define zones of primary and 
secondary creep in each stage of each test. Minimum strain rates 
were assigned on the basis of a linear regression analysis 
(logarithmic) of data points which best represented the steady 
state condition. Secondary behaviour was poorly defined, and there 
remains considerable doubt as to whether the minimum rates represent 
true steady state deformation, alternating transient deformation, or 
an inflection between attenuating and accelerating transient 
de formation. 

Test temperatures varied slightly among the various tests, 
but were adjusted to a consistent reference temperature of -2°C 


according to the following relation (McRoberts et al., 1978): 


e e mm m 
where Sa, and q. are the measured strain rate and temperature 
ay and A the adjusted strain rate and temperature, and 


Meapconstantucaqualstoe2.0e Nixon, 1978): 


te SOmles tatResu Lis 

Tests at the U of A were carried out primarily on samples of 
reticulate ice in an attempt to simulate the most common in situ 
permafrost form. All samples in the first series of tests failed. 
The time to failure was not a clear function of the deviatoric 
stress, and the failure process seemed closely related to large 
ground ice structures. In the next series of tests, stage loading 


from 35 kPa deviatoric stress was adopted, and samples with smaller 
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and more evenly distributed ground ice structures were selected as 
frequently as possible. Some samples failed at this low stress 
level, others failed at subsequent loading levels, and one test did 
not fail. Again deformation processes could be related to ice 
structures. As a means of further exploring the role of ground ice 
structure, the last two tests in the programme were carried out on 
samples of segregated ice and stratified ice. 

The three tests carried out by NES were on samples of 
reticulate ice. Each behaved according to the classical creep 
relation. 

Ae puysitcal description. or al. samplés as given in lable D.3 
(Appendix D); and a summary of primary and of minimum strain-rate 
interpretations is given in Tables D.4 and D.5 respectively 
(Appendix D). The results of each test are shown graphically in 
Appendix D. The minimum strain rates are plotted as a function of 
Stress in figure 5.60. Ihe data are adjusted to a consistent 
temperature of -2.0°C according to Equation 5.7, and are compared to 
the flow law of polycrystalline ice at the same temperature 
(Morgenstern et al., 1979). 

It can be seen that deformation data within a fairly narrow 
range of stress are spread over many orders of magnitude. The data 
show no apparent empirical correlation among themselves, and they 
show no obvious relationship to the flow law of ice. 

The deformation behaviour of all tests at U of A was affected 
by ground-ice structures. A review of these observations 


constitutes an important framework from which to assess the results. 
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Reticulate Ice 

Samples 3, 4, and 5 contained distinctive primary and 
secondary ice veins. Primary veins ranged from 8 to 25 mm thick, 
and were an average of approximately 10 times thicker than secondary 
veins. Each sample failed in times which ranged from 1 to 230 
hours. The post-failure appearance of each sample is shown in 
Ptatesmo wbethrough (5559 inclusive. = Ihese*indicate that ‘shear 
developed principally along the soil-ice interface of pervasive, 
primary ice veins. Closer examination reveals some shear along 
secondary veins, and relatively little through frozen soil. Plate 
5.5 shows that in Test 5, which deformed for the longest time before 
failure, significant movement also occurred along secondary ice 
veins, causing the sample to have a blocky appearance. 

Samples 6 through 10 contained only secondary veins as shown 
in Plate 5.6. These ranged in thickness up to 3 mm and were rarely 
pervasive. The test results varied from short-term failure, as 
described above, to deformation which lasted for periods of up to 6 
months, with no indication ofethesonset of tertiary processes. All 
samples except one failed. Typical post-failure conditions are 
illustrated in Plates 5.7 and 5.9. Shear planes typically developed 
along secondary ice veins, especially ones with significant 
thickness and length, which could coalesce with minimum shear of 
frozen soil to become pervasive. Secondary ice veins outside of the 
main shear zone in samples which failed, and throughout sample 8 
which did not fail, showed some evidence of movement, leaving the 


sample with a blocky appearance. An example of this is illustrated 
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in Plate-5.8: 


Stratified Ice 

Sample 12 contained numerous veins of ice ranging in 
thickness up to 4 mm and oriented approximately horizontally as 
shown in Plate 5.10. The deformation behaviour was unique in 
that an unusually large amount of strain accumulated within a short 
period of load application. This attenuated to more reasonable 
rates after approximately 200 hours; in a subsequent loading stage, 
the sample also behaved normally. The post-failure condition of the 
sample shown in Plate 5.11 indicates that significant radial 
movement occurred in frozen soil between ice veins. This appears to 
have been facilitated by shear at the soil-ice interfaces. The 
magnitude of this movement varies in apparent proportion to the 
thickness of soil between horizontal ice veins. The cross-section 
of the sample shown in Plate 5.12 indicates that radial movement was 
associated with tensile failure of the soil, and concomitant growth 


of ice veins in the dilating zones. 


Segregated Ice 

Sample 11 consisted of segregated ice. Ice formed irregular 
shaped veins up to 25 mm thick, and comprised approximately 354 of 
the sample volume. Soil peds were more contiguous, but could also 
be found floating in the ice matrix. Typical ice structure is 


illustrated in Plate 5.13 for a portion of core stratigraphically 


below the one tested. The sample deformed at a quasi-steady-state 
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rate almost from the time of loading, reaching approximately 15% 
strain in 40 hours. Following termination of the test, the sample 
showed no evidence of failure (Plate 5.14); however the blocky 
nature of the surface indicated that movement occurred at most 
soil-ice interfaces. Some of these contacts were separated and 


dilated up to 0.5 m. 


5.5.7 Physio-Mechanical Interpretation of Premature Failure 

Creep tests carried out at U of A were dominated by failure 
processes. Failure occurred at much lower deviatoric stresses than 
had been anticipated on the basis of documented testing programmes 
by Thompson and Sayles (1972), Roggensack (1977), and McRoberts et 
al. (1978). Shear planes consistently developed at soil-ice 
interfaces. The sample failed quickly where these planes were 
pervasive; otherwise failure occurred more slowly, with shear 
development along several ice structures coalescing by shear through 
frozen soil. Samples which did not fail still showed evidence of 
shear along soil-ice interfaces. 

Tests conducted by NES as part of this programme were carried 
out on samples of recticulate ice with large primary ice structures 
oriented at approximately 40° to the core axis. Based on the 
behaviour of U of A samples, these should have failed soon after the 
application of deviatoric stress; but they did*not. It’ is not known 
whether or not there was visible indication of shear along the ice 
veins at the end of these tests. 


Two variables which may account for the difference in creep 
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behaviour between the two testing programmes are sample disturbance 
and the affect of confining pressure: 

The presence of ice veins in permafrost soil renders it a 
non-homogeneous continuum. Therefore, stress release during coring 
causes non-uniform stress fields to develop in samples (Tsytovich, 
1975). Although these likely dissipate by creep or microshearing 
along ice veins during prolonged storage, sample disturbance is the 
net result. All U of A samples, with the exception of number 11, 
came from depths of 22 to 36 m in GBl, while the NES samples came 
from depths of 3 to 5 m in GB3. Hence, more significant disturbance 
in U of A samples correlates with the premature failure. 

Applying confining pressure as part of a confined triaxial 
creep test causes sample disturbance in the same way as stress 
release during coring. Since the non-uniform stress fields 
generated by the application of confining pressure probably 
dissipate largely by creep deformation, a significant time period is 
required between the times of confining and deviatoric stress 
application in order for the sample to reach stress equilibrium. 

NES specimens were tested without the use of a confining pressure. 
The strain rate versus log time plots for NES tests (Appendix D) 
show that the primary creep stage lasted approximately 500 hours. U 
of A samples, which were loaded within a few hours of the 
application of a 400 kPa confining pressure, either failed prior to 


500 hours or were undoubtably still in transient creep!, 


IThis refers to the initial (A) loading stage only. 
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Therefore, the use of confining pressure also correlates with 
premature failure. 

Sample 11 was the only U of A sample obtained from a 
comparable depth (1.5 m) with NES samples. Although the cryogenic 
textures were dissimilar, the overall ice contents were comparable. 
Under the same confining pressure and stabilization conditions used 
in other U of A tests, sample 1l failed at a very fast rate. Since 
sample disturbance insofar as it relates to the NES samples was not 
a contributing factor, it can be concluded that premature failure of 
the U of A samples was, in all probability, caused by the confining 
pressure. 

Tests. reported by Roggensack (1977) also lend support to this 
conclusion. These were carried out on ice-rich, fine-grained 


permafrost samples where ". 


each specimen contained a similar, 
evenly-distributed network of thin, reticulate ice lenses..." (ibid, 
p.123). He used confining pressures and deviatoric stresses similar 
to those used for U of A samples reported here. He found distinct 
behavioural differences with different ground ice structures and 
reported that several samples failed along soil-ice interfaces. 

In conclusion, it is proposed that the use of confining 
pressure in the U of A tests caused high shear stress gradients in 
soil adjacent to ice veins. Because insufficient time was allowed 
for these stresses to dissipate, shear stresses in the permafrost 
soil samples after loading were much higher than would have been the 


case at zero confining pressure. This caused deformation along all 


ice lenses. When the only disseminated ice structures present were 
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closely spaced secondary ice veins, this deformation resulted in 
soil peds rearranging themselves within the array of ice veins, and 
this occasionally led to sample failure. However, when primary ice 
structures were present, deformation took place along a pervasive 
plane and quickly led to sample failure. 

It 1s recommended that a laboratory programme be undertaken 
in order to clearly resolve this apparent transient influence of 


confining pressure. 


5.5.8 Assessment of Results 

In order to use laboratory results from the U of A and NES 
programmes to determine a constitutive relationship and empirical 
parameters for field modelling, it is necessary to assess the degree 
to which minimum observed strain rates represent steady state 
conditions. The physio-mechanical deformation behaviour discussed 
in the preceding section provides important guidelines for this 
ES SSS MESMUNS o 

Sample 11 had unusually high ice content with random and 
reasonably uniform distribution. Deformations at minimum strain 
rate were localized along soil-ice interfaces, and only the 
anastomosing ice network prevented development of a pervasive 
failure plane. The deformations represent a rupture process rather 
than uniform deformation, and the apparent rate of strain exceeds 
that of true steady state behaviour. 

For samples 3, 4, and 5 which had large, pervasive ice 


structures, minimum strain rates appear to represent an inflection 
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point where localized shear movements along soil-ice interfaces 
began to propagate and coalesce along smaller ice structures and 
through frozen soil to form a through-going failure plane. Little 
or no uniform deformation of the sample occurred, and the rates are 
clearly much higher than those of steady state creep behaviour. 

Relatively large secondary ice structures were closely 
aligned with planes of maximum shear stress in samples 6 and 9. In 
both cases failure occurred along some of these ice structures. 
Although secondary veins throughout the sample showed evidence of 
deformation, it is likely that movements along the ultimate failure 
planes dominated, and the minimum strain rates are significantly 
faster than true secondary rates. Similarly, for the last loading 
stage of samples 7 and 10 (7C and 10B) the failure process likely 
dominated deformation behaviour, and minimum strain rates exceed 
steady state rates. 


For samples 7, 8, 10, and 12 with smaller secondary or 


stratified ice structures, it was observed that deformation occurred 


along most soil-ice interfaces. Moreover, these were randomly, and 
to a great extent, uniformly distributed through the sample. It is 
likely that most of these deformations occurred during A loading 

stage, but persisted at least into the B loading stage. In samples 


7 and 10, deformation along secondary ice structures coalesced, 


resulting in failure during the last loading stage. It is unlikely 


that any of the minimum rates from test stages for samples 7 and 10 
represent true steady state rates. For samples 8 and 12, however, 


it appears that at some time in the B loading stage, deformation 
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rates along secondary ice structures epeeed to an equilibrium rate 
controlled by pseudo-uniform strain through the entire sample. 
Hence, minimum strain rates for tests 8B, 8C, and 12B are considered 
to be reasonably representative of steady state creep rates. 
Examination of the log strain rate versus log time plots for these 
tests (Appendix D) indicates that only test 8C shows clear evidence 
of steady state behaviour. In both 8B and 12B there is reason to 
argue that transient conditions prevailed, and the minimum rates 
exceed those of true steady state behaviour. 

The log strain rate versus log time plots for tests NES 3-11 
and NES 3-8 (Figures D.52 and D.53 respectively, Appendix D) suggest 
that steady state conditions were achieved after approximately 500 
hours. The minimum rate for test NES 3-8 is expected to be 
representative of steady state creep rates. A minimum rate for test 
NES 3-11 is more difficult to define because strain rates vary over 
nearly two orders of magnitude; a minimum value has been determined 
but its reliability is subject to question. Test 3-10 reached a 
Minimum value, but immediately began a slow, systematic increase in 
response to increasing ambient temperature. There is no well- 
defined steady state strain rate, and the minimum may represent an 
inflection point and transient processes. 

In summary, although the testing programme reported here has 
contributed to a mechanistic understanding of creep behaviour in 
ice-rich permafrost, and exposed probable limitations to the use of 
confining pressure in creep testing, it has done little to elucidate 


a constitutive relationship or empirical parameters for use in field 
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modelling. In view of the fact that relatively few reliable creep 
data have been determined, it is necessary to consider other test 
results on ice-rich, fine-grained permafrost soils to find a 
suitable relationship. 

Thompson and Sayles (1972) reported unconfined creep tests on 
very lce-rich Fairbanks silt . The tests reported by these authors 
typically reached true strains in excess of 40% within 8 days. The 
magnitude of these strains suggests a complete loss of strain 
compatability at soil-ice interfaces and localized brittle fracture 
of ice. This is analagous to the behaviour of sample 11 from the U 
of A testing programme reported earlier in this section. Minimum 
strain rates are faster than would be representative of steady state 
creep and the value of 4 determined for the exponent is therefore 
high. 

Testing programmes reported by Roggensack (1977) and 
McRoberts et al. (1978) were carried out on ice-rich, fine-grained 
glaciolacustrine sediments of similar age and with similar 
sedimentological and permafrost characteristics. The results of 
these programmes, together with all data from the present study, are 
presented in Figure 5.7. In addition, four relevant flow 
relationships are shown. These include: 

(1) The flow law for polycrystalline ice (Morgenstern et al., 

1979). 

(2) A tentative upper bound proposed by Nixon (1978) for 

steady state creep in ice-rich permafrost soils (extended 


here into a higher stress range). 
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(3) A regression fit to a simple power law using all data 

shown. 

(4) A regression fit to a simple power law using data from 

tests on loading stages where failure did not occur. 

The data appear to be most consistent in the high stress 
range. Minimum strain rates are typically faster than ice for any 
given stress, and almost all samples reached failure. In the low 
stress range, the data show considerably more scatter. Samples 3, 
Gon; 1052,and iit lie outside the general range of values 
determined from other programmes, but they do not represent steady 
state behaviour as discussed earlier in this section. The remainder 
of data in the low stress range still show significant scatter. 
Where minimum strain rates exceed those of polycrystalline ice at 
comparable stress levels, there is relatively more variation, for 
which the limiting condition appears to be failure. 

It is of interest to reflect on a review of creep properties 
of polycrystalline ice completed by Roggensack (1977). He observed 
that creep test data displayed similar characteristics to those 
described above. Specifically, at high stresses data were in 
relatively close agreement, while at low stresses there was 
significantly more scatter. By reanalysis of several laboratory 
programmes, and assessment of field studies of glaciers and ice 
shelves, he demonstrated that minimum rates in the low stress range 


were frequently representative of transient creep processes. On 


1 These sample numbers are identified in Figure 5.6. 
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this basis he concluded a linear constitutive relationship, which 
excluded many of these data, best represented actual steady state 
behaviour. 

It is obvious that the same argument could be applied in 
order to define an upper bound for steady state creep deformations 
in ice-rich permafrost soil. Nixon (1978) proposed an upper bound, 
as shown in Figure 5.7, for a stress range up to 100 kPa. Above 
this stress level, Nixon (1978) and McRoberts et al. (1978) 
considered that the constitutive relation was bilinear and the 
exponent value changed from 3 to 6. Many of the tests on which 
these authors based their interpretation of a bilinear relation 
ultimately failed. On the basis of the physio-mechanical 
interpretation presented in this thesis, these data were in all 
likelihood dominated by transient processes, and therefore the 
minimum rates exceed steady state values. 

Extending the upper bound relation proposed by Nixon (1978) 
into the stress range above 100 kPa provides, with few exceptions, a 
valid upper bound for steady state data derived from tests which did 
not fail. It would be an arduous and possibly impossible task to 
reprocess the data shown in Figure 5.7 in order to exclude all tests 
where no clear evidence of steady state behaviour was evident. For 
the moment, it seems obvious that reliable secondary creep data are 
limiting to an upper bound of the form predicted by Nixon (1978). 

In light of new generalizations reported by Morgenstern et al. 
(1979) it seems this upper bound may be the flow law of 


polycrystalline ice. This implies that steady state creep in 
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ilce-rich permafrost soils is less than polycrystalline ice at low 
stress levels, which is consistent with McRoberts et al. (1978) who 


"... samples .. tested at stress levels which did not 


reported that 
lead to failure, exhibit secondary creep rates considerably slower 
than published information on the flow laws for ice at the same 
stresses and temperatures". 

It can be concluded that the flow law of polycrystalline ice 
represents an upper bound for steady state creep deformations in 
ice-rich, fine-grained, permafrost soils at the proposed Arctic Gas 
crossing of Great Bear River. The constitutive relation is in the 
form of the simple power law given in Equation 5.1, with an exponent 
of 3.0 and a coefficient of 2.0 x 10° year kPa>, The actual in 
situ secondary creep relation is in all likelihood best represented 
by a flow law of the same form and with the same exponent, but with 


i! 


a slightly lower coefficient representing a uniform’ decrease in 


strain rate for any given stress relative to polycrystalline ice. 


lThe uniform decrease is in terms of a log versus log relationship. 
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PLATE 5.1: Post-failure appearance 
of creep test 3(GB1 Core 57). 
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| SHEAR THROUGH 
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PLATE 5.2: Post-failure 
appearance of creep test 3 

(GB1 Core 57). Failure planes 
generally follow the soil-ice 
interfaces of primary ice veins, with 
relatively little shear through 
frozen soil. 
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PLATE 5.3: Post-failure appearance of test 4 
(GB1 Core 56). Failure plane follows the soil-ice 
interface of a primary ice vein. 
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PRIMARY ICE VEINS # 
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PLATE 5.4: Post-failure appearance of creep 
test 5(GB1 Core 58). The shear plane cuts 
through frozen soil at the top and bottom of the 
sample, but follows soil-ice interfaces of the 
primary ice vein through the middle portion of 
the sample. 
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PLATE 5.5: The post-failure condition of creep 
test 5(GB1 Core 58) indicates some 
deformation took place along secondary ice 
veins, leaving the sample with a blocky 
appearance. 
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PLATE 5.6: Creep test 9 (GB1 Core 43) prior 
to assembly. 
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PLATE 5.7: Post-failure condition of creep 
test 6(GB1 Core 38). Deformation is evident 
along most secondary ice veins imparting a 
blocky, post-failure appearance. Shear planes 
developed as deformation along secondary 
ice veins coalesced by shear through frozen 
soil. 
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PLATE 5.8: Post-failure, close-up view of creep 
test 9(GB1 Core 43) showing the magnitude of 
deformation along a secondary ice vein not 
associated with the main failure planes. 


SECONDARY ICE VEIN 
(SHOWN PRIOR TO TESTING IN PLATE 5.6) 
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PLATE 5.9: Post-failure 
appearance of creep test 7 
(GB1 Core 43). 


PLATE 5.10: Creep test 12 
(GB1 Core 60) prior to assembly. 
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PLATE 5.11: Post-testing appearance of 
creep test 12 (GB1 Core 60) — longitudinal 
view. Vertical ice veins developed during 
testing, as indicated by comparison with 
Plate 5.10. 


PLATE 5.12: Post-testing appearance of creep test 12 
(GB1 Core 60) — cross-sectional view. 
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PLATE 5.13: Sample of 
segregated ice (GB2 Core 4) 
similar to creep test 11 

(GB2 Core 4). 


PLATE 5.14: Post-testing appearance of 
creep test 11(GB2 Core 4). 
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CHAPTER VI 


IN SITU CREEP ANALYSIS 


"Sclence moves, but slowly slowly, 


Creeping on from point to point." 


(Tennyson, Locksley Hall) 


pole croduction 

The results of a plain strain finite element analysis of in 
situ, steady state creep deformations at the proposed Arctic Gas 
crossing of Great Bear River are presented in this chapter. In 
particular, the validity of the simple power law (Equation 5.1) in 
predicting the form of creep movement, and the accuracy of empirical 
parameters determined in Chapter V in predicting the magnitude of 


creep velocities are assessed. 


6.2 Finite Element Programme 

The finite element programme used in this thesis was 
developed at the University of British Columbia for non-linear creep 
analysis of axisymmetric, plane strain and plane stress problems 
(Emery, 1971). In 1979, the programme was obtained by the 
University of Alberta from Dr. J.J. Emery, Professor of Civil 
Engineering, McMaster University. Minor input-output changes were 
made when the programme was entered into the University of Alberta 
computer. An instruction manual for the University of Alberta 


version of the programme has been prepared by Weerdenburg (1979a). 
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6.2.1 Solution Method 

The method of analysis used in the finite element programme 
is known as the direct stiffness or displacement method. 
Descriptions of this method may be found in text books on finite 
element analysis by Zienkiewicz and Cheung (1967), and Desai and 
Abel (1972). 

The analysis of non-linear creep behaviour follows the 
incremental initial strain procedure. A description of this 
technique and its development, together with a review of its 
application in creep behaviour of various soil and rock masses, is 


given by Weerdenburg (1979b, 1980). 


Oe. 2) Mul tiaxial Stress—-Strain Relations 

Dneorders tonne latemuniaxtal creep data to a miltiaxial@stress 
€Conditeion, 16 1s nécessary to formulate mul tiaxial stress-strain 
relationships in terms of effective stress (9,) and effective 
creep strain (ef). Analytical derivations of these effective 
components from the stress and strain tensors has been described by 
Odqvist (1966), Greenbaum and Rubinstein (1968), Sutherland (1970) 
and Weerdenburg (1979b). Using the format given by Sutherland 
(1970), the following assumptions are made: 

1. Creep strain causes no volume change. 

ante Tne’ hydrostatictstate orrstressshas no airect onecreep 

rate. 


3. The principal strain rate and stress tensors are coaxial. 
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4. The stress-strain relationship for the multiaxial state 
Of sitress reduces to a uniaxial relationship for a 
uniaxial loading conditions. 
Stress-strain relationships which satisfy these conditions are as 
follows: 
Cum 
dsj (oa lal 


where the effective stress (on), the effective incremental creep 


strain (Ae&) and the stress deviator tensor Be are defined by: 
& See 1 [6.2 | 
“3 Sa tied ewe 
a 2 On Cc hoesH 
Ae. 5 Aet; ae 
Po if 
OF; L joes oe oem Lo! 


These stress-strain relationships indicate effective stress and 
effective incremental creep strain are equivalent to unaxial stress 
and creep strain, and hence constitutive relations derived from 
unlaxial creep tests can be expressed in terms of effective 
components. In general, the effective incremental creep strain is a 
function of the effective stress Moe) the total effective creep 
Strain (4) Jitheltemperature) (1); time?(t), and the§strain history 
of the material. The generalized form of this relation is as 


follows: 
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In chapter 5 it was shown that the specific form of this relation is 


that of the simple power law given in Equation 5.1. 


6.2.3 Solution Technique 

The solution technique described by Greenbaun and Rubinstein 
(1968), Emery (1971) and Weerdenburg (1979b) is summarized in the 
following paragraph. 

The solution of the creep problem begins with an elastic 
solution under the imposed boundary conditions. At time zero, the 
elastic solution is used as the starting point for the creep 
solution. In the first and subsequent time increments the solution 
procedure follows five basic steps: 

1. The effective stress (o.) is determined from the 

stresses oO) accumulated to the end of the previous 
time increment, or defined by the elastic solution in the 
first time increment. The stresses are assumed constant 
throughout the small time increment. 

2. The effective stress (o,) is substituted into an 

empirical relation of the general form given by Equation 
6.5 to determine the effective incremental creep strain 
Ooh 

3. The effective incremental creep strain (Ac) is expressed 

in terms of creep strain increments in each direction 


(Ae$ 5). 
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4. The directional creep strain increments (Ae$ 5) are 
treated as initial strains, and using appropriate 
constitutive equations, boundary conditions and 
equilibrium equations, the incremental stresses (Ag; .) 
at the end of the time interval are calculated. 

5. The incremental stresses ae from the current time 
interval are added to initial stresses cee at the 
beginning of the current time interval to obtain a new 
stress distribution to be used in step 1 of the next time 
interval. 

These steps are repeated for each time interval until either the 
final time is reached or until a steady state condition is achieved 
Wil 2 nO sa 

ij 
6.2.4 Time Increment Determination 

Stresses change very rapidly in the early stages of the creep 
analysis and it is necessary to select very small time increments in 
order to satisfy the assumption that stresses remain approximately 
constant through a single time increment. The time increment is 
then increased as the solution approaches a steady state condition 
(Greenbaun and Rubinstein, 1968). 

Experience reported by Sutherland (1970), Emery (1971) and 
Weerdenburg (1980) showed that the maximum time increment was such 
that the change in effective incremental creep strain could not 
exceed the total elastic strain; where this limit was exceeded, the 


numerical solution diverged from the correct solution. 
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On the basis of this experience the first time increment is 
found by setting the initial effective incremental creep strain 
(Ae§) equal to 1/25 the maximum value of the effective elastic 
strain (€§) max., i.e. 


[6.6] 


| 
— 


dee/ 
7 (€8) max 


where n 


ly 25 


Subsequent time intervals (Ati41) are computed on the basis of a 
fractional change in the current or first time increment (At.), 


1.e. 


ee gel ie, Bota 


In the new time increment, the ratio of strains from Equation 6.6 is 


checked using n= 1 (Weerdenburg, 1980). 


6.3 Finite Element Mesh 
The finite element mesh is based on the stratigraphic 
cross-section in Figure 3.2. The mesh used is shown in Figure 6.1. 
The following criteria were considered in mesh design: 
ba Only the sand and) clay Jithotacies were discretized; the 
sand and clay were classified as material 1 and material 
2 respectively. Creep movements were reported in the 
till lithofacies (Chapter 4), however those occurring in 
till in GB2 were transverse-to-slope and could not be 
considered in this plane strain analysis, and those 
occurring in till in GB3 were too localized to warrant 


integration into the analysis. Contacts between the 
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three major Quaternary lithofacies were simplified for 
the purposes of this analysis. Therefore, actual 
contacts differ slightly from those of the finite element 
grid at the GBIA, GB2 and GB3 test hole locations. 

2. Triangle aspect ratios were kept as low as possible. 

3. Finer mesh divisions were used through the clay 
lithofacies and in regions where high stress gradients 
were anticipated. 

4. The mesh length was greater than the length of the slope 


and several times the slope height. 


6.4 Boundary Conditions 

Boundary conditions are illustrated in Figure 6.1. Pin-type 
constraints were used as basal boundaries because of the expected 
high in situ modulus of the till lithofacies and the fact that 
generally little or no deformation occurred through the till in the 
parallel-to-slope inclinometer profiles. Side boundaries consisted 


of roller-type constraints and the surface boundary was stress free. 


6.5 Material Properties 

Bulk unit weights were assigned on the basis of core 
examination reported in Chapter 3. Mean values assigned for the 
sand and clay lithofacies are shown in Figure 6.1. 

Elastic values for the sand and clay lithofacies were defined 
on the basis of data reported at similar temperatures over a similar 


stress range. The values shown in Figure 6.1 were obtained from 
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Tsytovich (1975) for an assumed average temperature of -2°C. 

Creep properties for the sand and clay lithofacies were 
varied in order to obtain the best approximation of observed in situ 
behaviour. These properties are given in subsequent sections where 


the creep analyses are discussed. 


6.6 Elastic Analysis 


The elastic parameters shown in Figure 6.1 were used in each 
creep analysis, and hence the initial elastic solution was common 
for each creep analysis. 

The results of this elastic solution are presented here for 
purposes of comparison with steady state creep solutions in later 
sections. The orientation and sense of the principal elastic 
stresses is shown in Figure 6.2. Effective stress contours from the 


elastic solution are illustrated in Figure 6.3. 


6.7 First Creep Analysis — Uniform Creep Properties 


62/.1) Material Properties 

It was concluded in Chapter 5 that the constitutive relation 
describing steady state creep behaviour in polycrystalline ice 
(Morgenstern CUmedilen 1979) represents an approximate upper bound 
for creep deformations in ice-rich, fine-grained permafrost soil. 
Although this was expected to overestimate the in situ creep rate, 
of the clay lithofacies it was considered the best creep relation to 
use for an initial evaluation of in situ behaviour. The creep 


parameters for this relation are shown in Figure 5.7. These include 
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aneexponent, of 3.07 and a coefficient of 2.0 x 107° year kPa, 

The selection of a suitable constitutive relation for the 
sand lithofacies was more difficult. Creep in the clay lithofacies 
was expected to cause tensile stresses in the overlying sand. 
Review of available creep data from similar reconstituted sands left 
doubt as to whether or not the sand would creep under small 
compressive stresses (Section 5.3), but, under the influence of 
tensile stresses, it was assumed the sand would creep. Since all 
tensile stresses would be transmitted through the ice phase, and 
since the creep properties of polycrystalline ice are similar in 
tension and compression (Steinman 1954, 1958), the creep relation 
and parameters for polycrystalline ice were also used to obtain the 


sans PonoLaclesmLlou anianieLialLrcvaluation Of an situ behaviour. 


6.7.2 Results of the First Creep Analysis 

Creep velocities predicted by the preliminary finite element 
analysis for each of the GBlA, GB2 and GB3 inclinometer casings are 
ShOWneine Figures 0.4, 6.5, and 6.0 respectavely. A~direction 
velocity data for each of the inclinometers are also plotted on 
these diagrams. 

The predicted velocity profiles for the GBIA and GB3 (Figures 
6.4 and 6.6 respectively) inclinometer casings indicate generally 
good agreement in form with the observed velocity profiles, however 
the magnitude of the predicted velocities is approximately six times 
greater than those observed. There appears to be no correspondence 


between measured and predicted values for the GB2 (Figure 6.5) 
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inclinometer casing. Field velocity data for the GB2 inclinometer 
casing are not considered reliable indicators of creep velocities 
because of drilling, sampling, instrumentation and monitoring 
difficulties, and evidence of in situ shear planes through the soil 
profile (Sections 3.4.3 and 4.4.4). Therefore, critical assessment 
of the finite element results is limited to the GBIA and GB3. 

The close agreement in form between the observed and 
predicted velocity profiles for the GBLA and GB3 inclinometer 
casings indicates that in situ behaviour of the material is 
accurately represented by a simple power law of the form given in 
Equation 5.1. Although the magnitude of the observed and predicted 
we VOci yevLorilesmci tren mtie dluiterencé is a constant: tactor, and 
hence a proportional change in the coefficient of the creep relation 
is sufficient to facilitate agreement between the two profiles in 


both form and magnitude. 


6.8 Second Creep Analysis - Uniform Creep Properties 
6.8.1 Material Properties 

In order to confirm that any change in the coefficient in the 
creep relation would have a proportional change in the magnitude of 
the velocity profile, a second creep analysis was carried out. In 
the first analysis a coefficient of 2.0 x 10-8 year kPa? 
provided velocities which were approximately six times greater than 
observed velocities. Therefore, in the second creep analysis it was 


decided to use a coefficient of 0.33 x 10°° year kPa>, or one 


sixth the original value. This new coefficient was used in both the 
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sand and clay lithofacies. The exponent value in the creep relation 
was left at 3.0 in both lithofacies. The creep relations from the 


first and second creep analyses are compared in Figure 6.7. 


6.8.2 Results of the Second Creep Analysis 

Creep velocities predicted by the second finite element 
analysis are shown in Figures 6.4, 6.5, and 6.6 for the GBILA, GB2 
and GB3 inclinometer casings respectively. The predicted velocity 
profile in GBlA (Figure 6.4) corresponds closely with the observed 
velocity profile through the clay lithofacies. Through the sand 
lithofacies, however there appears to be little similarity; this is 
attributed to drilling and grouting difficulties (Section 3.4.3). 
The mee een velocity profile in GB3 (Figure 6.6) is also in close 
agreement with observed velocities, although some discrepancy exists 
in the top 2 to 3 m because of the influence of the steel casing 
(Section 4.4.9). There appears to be little correspondence between 
measured and predicted velocities in GB2 (Figure 6.5), as discussed 
ineoe ction so.7 2. 

Accumulated creep deformations after a one year period are 
shown over the original finite element grid in Figure 6.8. Contours 
of effective stress for steady state creep are shown in Figure 6.9. 

Data from the second creep analysis indicate that the steady 


state creep equation 


E = 0.33 x 108-9 ¢3-9 [6.8] 
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accurately represents in situ creep behaviour through the ice-rich 
glaciolacustrine clay lithofacies. Through the glaciodeltaic sand 
lithofacies in GB1A (Figure 6.4) there is much less agreement. 
Although this discrepancy is attributed to drilling and grouting 
difficulties, there remains some doubt as to the validity with which 
Equation 6.8 represents creep deformation in the sand, and indeed, 
whether the sand actually creeps or not. In an attempt to gain 
further insight into these factors, a third creep analysis was 


undertaken in which the sand was not allowed to creep. 


6.9 Third Creep Analysis - Creep in Glaciolacustrine Clay 


Lithofacies Only 


6.9 .1««Matertal Properties 

The third creep analysis was carried out to investigate the 
condition where movements in the glaciodeltaic sand were limited to 
elastic deformation. Elastic properties of the sand lithofacies 
were consistent with those described in Section 6.6. Creep 
properties of the clay lithofacies were similar to the second creep 


analysis, as given in Equation 6.8. 


6.9.2 Results of the Third Creep Analysis 

Predicted velocity profiles for the GB1LA, GB2, and GB3 
inclinometer casings are shown in Figures 6.4, 6.5, and 6.6 
respectively. Accumulated creep deformations after a one year 
period are shown over the original finite element grid in Figure 


6.10. In general, limiting the sand to elastic deformation, appears 
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to retard creep deformations in the clay lithofacies. This 
influence is most pronounced beneath the complete glaciodeltaic sand 
lithofacies (Figure 6.10), and decreases beneath the Great Bear River 
Valley slope, where the sand thins and ultimately pinches out. The 
resulting deformation pattern suggests the clay lithofacies is being 
extruded. Predicted velocity profiles for the GBlLA and GB2 
inclinometer casings do not appear to correspond in form or 
magnitude to observed velocities. The predicted velocity profile 
from the third creep analysis for the GB3 inclinometer casing shows 
good agreement with both the results of the second creep analysis 
and the observed velocity profile, but this appears to be because it 
is largely beyond the influence of the sand lithofacies which 
Pinches out at least 35 m upslope. 

On the basis of comparison between predicted and observed 
velocity data, it appears that limiting the sand to elastic 
deformation does not accurately represent in situ creep behaviour. 
This conclusion also emerges from examination of effective stress 
and horizontal stress distribution for steady state creep in Figures 
6. dileands 6% 12 Figure 6.10 indicates very high effective stresses 
develop in the sand lithofacies. This is likely a result of the 
high tensile horizontal stress build up through the sand lithofacies 
as this medium restricts steady state deformation of the underlying 
clay lithofacies. The magnitude of the tensile horizontal stresses 
suggests that failure would propagate through the glaciodeltaic sand 


before effective stresses reached those shown in Figure 6.11. 
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6.10 Assessment of Results 

The résults of the finite element analysis indicate that in 
situ creep behaviour in ice-rich glaciolacustrine clay at the 
proposed Arctic Gas crossing of Great Bear River is adequately 
represented by a simple power law of the form given in Equation 
ol. ethiserelation alsogappears to bewsatisfactory as 4 first 


approximation for creep behaviour of the glaciodeltaic sand, 


although further information is required in order to confidently and 


accurately represent its deformation behaviour under tensile stress 


conditions. 


Creep parameters which provide the best fit between predicted 


and observed data are given in Equation 6.5. The exponent is the 
same as that of polycrystalline ice (Morgenstern et. al., 1979), 
while the coefficient is lower by a factor of six. These data 
support predictions made on the basis of laboratory analysis in 


Sectiongos).S. 


Treating the sand lithofacies as an elastic medium appears to 


be an incorrect approximation. It is likely that the clay 
lithofacies creeps at a faster rate than the sand. The build up of 
tensile stresses as a result of this condition would, in all 
likelihood, lead to failure in the sand. Therefore, inclusion of a 
failure criterion in the sand lithofacies appears to be a 
requirement in order to accurately model in situ behaviour. 
Extension of the finite element analysis to this capacity is beyond 
the scope of this thesis, but it is recommended as a fruitful area 


for further research. 
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FIGURE 6.1: FINITE ELEMENT MESH 
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FIGURE 6.2: ORIENTATIONS OF PRINCIPAL STRESSES FOR ELASTIC 
SOLUTION UNDER GRAVITY LOADING 
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FIGURE6.8: DEFORMED GRID FOR STEADY STATE CREEP IN BOTH THE SAND 
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CHAPTER VII 


CONCLUSIONS AND RECOMMENDATIONS 


"There's a land where the mountains are nameless, 
And the rivers all run God knows where; 

There are lives that are erring and aimless, 
And deaths that just hang by a hair; 

There are hardships that nobody reckons; 
There are valleys unpeopled and still; 

There's a land - oh, it beckons and beckons, 
And I want to go back - and I will." 

(Service, The Spell of the Yukon.) 


at Fapredie rion 

The objective of this research programme was to complete the 
first documented, comprehensive, in situ study of naturally 
occurring creep in ice-rich permafrost soils. In order to optimize 
the huge expenditure necessary for support of the in situ study, the 
research programme began with surficial geology mapping to 
facilitate selection of the best possible site for field 
Monitoring. Each facet of the field drilling, sampling and 
instrumentation activities was carefully planned and scheduled prior 
to commencement of field operations in March, 1975. The field 
drilling, sampling and instrumentation programme lasted five weeks. 
Monitoring of the field instruments extended between May, 1975 and 
June, 1977. Laboratory testing of undisturbed samples was 


undertaken concurrently with monitoring. Careful qualitative 
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analysis of laboratory creep behaviour enabled selection of a 
constitutive relationship for use in non-linear finite element 
analysis of the in situ, steady state creep behaviour. 

Conclusions stemming directly from this research programme, 
general conclusions, and recommendations for further study are 


presented in this chapter. 


7.2 Conclusions and Recommendations of this Study 


Surficial sediments in the Great Bear River area include 
Enrecsmarmelithoracies, vizee moraimic slity clay “trl 
erecta racustrines ms htyeclay, and glaciodeltaic sand. The tit) 
overlies Tertiary clastic rocks throughout most of the area, but 
locally rests on Plio-pleistocene alluvial sediments that appear to 
lie in a buried river valley. The morphology of this buried valley 
1s preserved through the till lithofacies creating a 
paleo-topographic depression where accumulations of glaciolacustrine 
and glaciodeltaic sediments are anomalously thick in relation to 
general accumulations elsewhere across Mackenzie Plain. Where the 
thalweg of this buried valley is cut by Great Bear River at km 7, 
these anomalously thick sequences are present in the valley slopes. 
With the proposed Arctic Gas crossing of Great Bear River at almost 
the same location, this represented an ideal field instrumentation 
site. 

All drilling, sampling and instrumentation objectives were 


achieved during the field programme, despite several drilling 
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difficulties caused mainly by unexpected soil conditions. Details 
of the drilling, sampling and instrumentation programme are reported 
in detail in Chapter 3 because many facets were innovative and, 
therefore, they may be of benefit to those planning similar 
undertakings. 

The thermistors used at the field site performed well and 
facilitated measurement of grout hydration, recovery of thermal 
equilibrium, and the quasi-stable thermal regime around each drill 
hole. These data are presented in graphic form in Chapter 4. 

Of the two piezometers installed, one was assumed to have 
been damaged during installation and provided no readings. The 
other functioned normally for several months until moisture in the 
leads became frozen. Data from this piezometer suggest 
sub-permafrost pore pressures at the site are controlled by the 
level of Great Bear River. The combination pneumatic/hydraulic 
piezometer appears to be suitable for monitoring sub-permafrost pore 
pressures, however, it is recommended that future plezometer 
installations through permafrost use light oil or glycol to overcome 
the problem of moisture ingress and freeze-off of the leads. 

The Digitilt inclinometer system performed exceedingly well 
throughout the monitoring period. Inclinometer data were difficult 
to interpret, however, because the magnitude of ground movements 
approached the minimum accuracy range of the inclinometer. Specific 
tests were carried out in order to verify the reliability of the 
measurements. These tests included in situ measurement of 


temperature affects and resolution. The test results demonstrated 
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that the accuracy of the Digitilt system was easily sufficient to 
delineate ground movements at the scale of those observed. 

With the reliability of the inclinometer readings proven, it 
became necessary to separate movements related to steady state creep 
from other movements affecting the inclinometer casing. New data 
analysis techniques were developed and by reprocessing the 
inclinometer data it was found that the following external factors 
affected each of the inclinometer casings: 

1) recovery of equilibrium conditions; 

2) psthe (straticnaphy.., iasotanyas it anfiluenced drilling and 
sampling, and therefore caused different levels of 
disturbance :y.and: 

3) settlement and heave caused by seasonal temperature 
change above the level of zero mean annual temperature 
Pluctuat@ one 

Patterns of creep movement and localized shear movement 
became clear when external factors were accounted for. Creep 
movements occur in ice-rich sections of the glaciolacustrine silty 
clay, and to a limited extent through ice-rich sections of the 
till. Localized shear movements occur in both of these lithofacies 
and in the glaciodeltaic sand, and are typically associated with 
widely separated, pervasive ice structures. Creep velocities in the 
GB1A and GB3 test holes range from 0.25 to 0.30 cm/year. Strain 
rates are typically highest near the bottom of creeping zones and 
decrease upward. An approximate order of magnitude for strain rates 


1s iar year. Deformations in the GB2 test hole are generally 
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larger in magnitude than those in GB1A or GB2 but they appear to be 
associated with a complex array of shear planes, and hence are not 
consistent with steady state creep behaviour. 

An extensive laboratory creep testing programme was 
undertaken to assess steady state creep properties of undisturbed 
ice-rich, fine-grained soils. The results were generally poor 
because the use of a high confining pressure caused a non-uniform 
stress distribution that should have been allowed to dissipate prior 
to application of the deviatoric stress. Nevertheless, careful 
consideration of the results and critical assessment of other 
documented creep testing programmes lead to the important conclusion 
that the steady state deformation behaviour of ice-rich, fine 
grained permafrost soils is expressed by a simple power law 
(Equation 5.1) where strain rate is a function of stress to a power 
of 3.0. The same form of this equation describes steady state creep 
in polycrystalline ice (Morgenstern et. al., 1979), however the 
COerticient oL 2,0 xX Tors year ePae in the creep equation for 
polycrystalline ice represents an upper bound for strain rates in 
SOL! at any given stress. "On the” basisot "the few reliable 
laboratory data available, the value of the coefficient which 
describes steady state creep in ice-rich, fine-grained permafrost 
soil is several times smaller than that of ice. 

The reliability of this consitutive relationship and the 
empirical parameters was verified by non-linear finite element 
analysis of steady state creep in the slope. Using the simple power 


law (Equation 5.1) as the constitutive relationship, with an 


2 hon aio 


te sud Cie AED wt sour ah quai 


‘epyerenrd «cis 


Te Jen) aad vet eins sais twrvoe' i bier 


~~ 


= 


ij — 


oot Tn Votre xzeT Fqmes & om 

hs . 

| q@ee79 o2es6 qbasae dalw Sar &. 

1 
7 yrosavedel avianeIMe n& 


_— 
2eagna C9 novesrsbnu - 


: : a7s YOSal£ 
q efioe bentaxg-2ri! i it3s ei: ¥ 
H 2 s Agr $6 Sau 665° ve assed : 
‘ biwois \ isudrvserb tas%ee 
$19 J3”902-99 7 
on 
{ aorseTsh2engg 
7 
at mms 79 13249 qssTs besramuscd 
wmtsh Ss sc7 GBT. 
bs 14 Yloe t2rovIeored bons 
Ie7 NuisBite iw (i 4 nojseupae ’ 
moi ) etl o my qm yiic .0.t 39 
th {scoeyeM) $9) BSHLILSIEYs leq at 


inszssaas S52 af? tiageveayle 
q 


+ 7 ; = 
2] siz 0G veeows4 goveg Yor *s Tee _ 
oa &.! 7 
¢ tev of (oidaldeve 65280 YO a 7 7 
_ - 


ys 2, 4SOX i sbesde osdt: oe 


> oe “" : pac 


io no ovidnstenos ‘a ste aided 


>> 
ive rd be tees a 
‘ht! =! j Pad -" (es = 


’ 


al 


exponent of 3.0 and a coefficient of 0.33 x are year ae good 
agreement was found between observed and predicted values, except 
through the glaciodeltaic sand lithofacies. In a subsequent 
analysis, the sand was treated as a non-creeping material with the 
hope of improving correlation between observed and predicted 
values. This assumption proved invalid, however, because 
Significantly less correlation was found and unreasonably high 


horizontal tensile stresses were indicated through the sand 


lithofacies. 


7.3 General Conclusions and Recommendations for Further Study 
7.5.15, Naturally Occurring Creep 

Ongthesbasissof thisystudy ite cangebeyconchuded| thatwice-rich 
permafrost soils subjected to gravity loading exhibit in situ steady 
state creep behaviour. Natural evidence of this process is 
doubtlessly obscure because the magnitude of deformation rates 
associated with creep is generally less than rates associated with 
other natural processes in the periglacial environment. 
Nevertheless, eludicating natural evidence of in situ creep 
processes is recommended as a logical and exceedingly important 
extension of this research programme. 

Deformation of bedform structures by apparent flow of a 
frozen soil mass has been identified in association with ice wedges 
and bimodal flows in the MacKenzie Deltal, and in association with 


gently sloping ground in MacKenzie Plain at a location southeast of 


lMackay, J.R., 1978 personal communication 
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Arctic Red Ri verte These may be a product of creep in response to 
either local stress gradients or gravity loading. 

Bimodal flows may also be indirect indicators of naturally 
occurring, steady state creep processes. These features are very 


common in ice-rich permafrost soils, (McRoberts and Morgenstern, 


1974 a), however they frequently develop for no apparent reason. It 


is proposed that one of the main causes may be slow, steady exposure 


Ofethnelacerruchasollsyas apresultiofecreep deformation: “This 
increased exposure causes local thickening of the active layer to 
the extent that ablation processes take over. 

Cambering and valley bulging (Higginbottom and Fookes, 1971; 
Horswill and Horton, 1976) may, however, be the best evidence of 
naturally occurring creep. Valley bulging involves valley-ward 
displacement of incompetent strata, and cambering is deformation of 
overlying competent strata to accommodate this movement. Competent 
blocks of cambered strata may be partially detached or wholly 
detached with a debris filled crack or gull parallel to the valley 


crest. These deformation characteristics are similar to those 


observed in the Great Bear River area. The glaciolacustrine clay is 


analagous to the incompetent material, and it has been shown to move 


valley-ward by steady state creep deformation. The overlying sand 
is the more competent continuum and, although cambering and gulls 
have not been identified, the finite element analysis in Chapter 6 
clearly showed tensile stress development which could lead to 
ltllustrated in Zoltai and Pettapiece (1973, pp. 65), and examined 


by this writer in the field on July 18, 1973 (location: 134° 34'W 
longitude, 67° 51°N latitude). 
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fracture and detachment of a block. Moreover, examination of aerial 
photographs in the area clearly shows lineaments in uplands adjacent 
to the valley slopes and trending parallel to the valley crests, and 
tensile deformation fabric is clearly visible in natural exposures 
of the sand (see GB20, Appendix A). 

In order to fully substantiate the hypothesis that cambering 
and valley bulging are caused by steady state creep movement under 
periglacial conditions, further numerical modelling of the Great 
Bear site should be attempted. To accomplish this, more must be 
learned about creep properties of frozen sand in tension. With 
these data, more meaningful numerical analyses of the slope may be 
performed. These analyses will also require integration of a rate 


dependent failure criterion for both the sand and clay lithofacies. 


7302 *The®Creep Process®in Fine-Grained Permafrost Soils 

Close examination of core samples of ice-rich glacio- 
lacustrine clay from the Great Bear River site shows evidence of 
deformation’ along ice lenses! This varies from a fraction of a 
centimetre off-set as shown in Plate 7.1, to several centimetres as 
shown in Plates 7.2 and 7.3. Inclinometer data and observations of 
creep test samples both indicate that creep deformations are 
localized to a large extent along ice lenses, and hence the 
deformation fabric observed in undisturbed core samples is probably 
primarily a result of creep deformation. This leads to the 
conclusion that creep deformations in ice-rich, fine-grained 


permafrost soil occur preferentially along ice lenses. Whether 
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these deformations occur at soil-ice interfaces or through ice 
lenses, or both, is unclear and should be resolved through further 
research. Slickensides are common along soil-ice interfaces (Plates 
Be eanceo. >) win indir sturved son. elt 1sebelrevyed that these area 
product of the creep process, originating when deformations 
associated with two or more separate ice lenses coalesce by shear 
through frozen soil. Ice lenses develop along the failure plane in 
response to continued shearing (Roggensack, 1977). This creep 
process would effect a decrease in spacing between ice lenses 
through a creeping soil mass. It would also cause locally high pore 
pressure gradients which would facilitate movement of unfrozen water 
to areas of active creep deformation. Therefore, the operandi of 
the creep process may itself cause the deformation rate to 
accelerate with time. The limiting condition, and hence the upper 
bound for design purposes would therefore appear to be the steady 
state creep relation for polycrystalline ice. 

It is recommended that further research be undertaken to 
assess the validity of this apparent creep process. Laboratory 
testing of artificial samples with uniform ice structures would be 
the most desirable approach, but this type of research would be 
difficult and some aspects would be exceedingly time consuming. 
Numerical modelling of the composite soil-ice medium is also 
recommended. 

In summary, this research programme has contributed to the 
field of permafrost engineering by proving that ice-rich, 


fine-grained permafrost soils exhibit in situ creep properties, and 
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by showing that these properties can be measured in carefully 
controlled laboratory tests. The success of the research programme 
is largely attributed to careful observation of natural phenomena in 
the field and in the laboratory. On many occasions when instrument, 
laboratory or numerical data seemed difficult to interpret, the key 
element of the interpretation emerged from these observations. 
Therefore, as the geotechnical community proceeds with further 
research in this field, it is highly recommended that equal emphasis 
be given to the study of naturally occurring phenomena, laboratory 


study and numerical study. 
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DEFORMATION STRUCTURES 
ALONG SECONDARY ICE VEINS 


PLATE 7.1: Evidence of in situ 
deformation along secondary ice 
veins (GB1 Core 58). 


SCALE (cm) Ii 


PLATE 7.2: Evidence of in situ PLATE 7.3: Evidence of in situ 
deformation along a primary ice deformation along secondary ice 
vein (GB1 Core 53 Sample 5). veins (GB1 Core 53 Sample 6). 
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APPENDIX A 


GEOLOGICAL FIELD DATA FROM THE 
GREAT BEAR RIVER AREA 


A.l Introduction 

Quaternary and limited Tertiary stratigraphy in the Great 
Bear River area were mapped during the summer of 1973 as part of a 
larger mapping programme supported by the Geological Survey of 
Canada. Data collected along Great Bear River were intended to 
supplement surficial geology mapping of map-area 96F (Mahoney Lake) 
and supply base-line data for evaluation of several proposed dam 
sites along Great Bear River. When the study reported in this 
thesis was conceived, the data also served as a basis for selecting 
the most suitable field instrumentation site. 

Geological studies were carried out in the following steps: 

1. Preliminary airphoto interpretation. 

2. Field reconnaissance via helicopter. 

3. Detailed field checking by boat traverse along Great Bear 


River. 
4. Final airphoto interpretation. 
5. Compilation. 


The work was supplemented by stratigraphic data obtained from test 
hole and test pit logs included in the following geotechnical 
we POml SE 
leecG.E. Crippen! and, Associates: Ltd .;. report to Northern 
Canada Power Commission on Great Bear River Power 
Development, October 1972. 
2. Pemcan Services '72"', report to Department of Indian 
Affairs and Northern Development on Granular Materials 
Inventory, Fort Norman, N.W.T. Community Study Area, 1973. 
3. R.M. Hardy and Associates Ltd., report to Department of 
Public Works on Geotechnical Investigations along 
Mackenzie Highway, Mile 544 to Mile 635, Volumes 1 to 7, 
Avmi lela. 
4. R.M. Hardy and Associates Ltd., report to Northern 
Engineering Services Company Ltd. on 1974 Drilling and 
Sampling Programme at the Proposed Arctic Gas Pipeline 
Great Bear River Crossing, 1974. 
Survey data along Great Bear River were obtained from the Crippen 
report. Supplementary information was also gathered from specific 
field checks carried out in association with visits for instrument 
monitoring. 
Comments on field and laboratory technique follow in Section 
A.2 and a discussion of the permafrost classification system used in 
this thesis is given in Section A.3. Sections measured at natural 
exposures along Great Bear River are summarized in Section A.4. 
Test hole and test pit logs are also summarized in Section A.4. In 
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some cases the original lithologic designation in these logs has 
been altered (i.e. GRAVELLY CLAY would be described as TILL, and the 


change clearly indicated as in GB6l1), but the original lithologic 
description has not been changed. 


tea) Field and Laboratory Technique 
In the initial phase of field checking a helicopter 


reconnaissance was made over the Great Bear River area. Natural 
exposures along the river and for short distances upstream along its 
major tributaries were located on aerial photographs and 
subsequently measured and described during a boat traverse along the 
river. Vertical distances were measured with a brunton compass and 
referenced to approximate elevations along Great Bear River as given 
in the Crippen report. 

Disturbed samples were taken and later analysed to determine 
moisture content, Atterberg limits, specific gravity and grain size 
distribution. All laboratory tests were carried out according to 
ASTM standards. Moisture content data are reported as a percentage 
of dry weight. Where high ice contents precluded the possibility of 
obtaining sufficiently large samples for representative moisture 
content determination, remote sensing techniques were used to obtain 
the values according to a procedure described by Savigny (1977). 


/s\ gs Permafrost Classification System 
Ap5el sIntroduction 


The most commonly used classification system for ground ice 
structures was developed jointly by the National Research Council of 
Canada (NRC) and the Cold Regions Research and Engineering 
Laboratories of the United States Army. In Canada this is referred 
to as the NRC system (Pihlainen and Johnston, 1963). It is based 
upon the presence or absence of ground ice and the scale of ice 
SitmucCeuwesr 

A large portion of the geological data reported in this 
thesis is based upon field observations of large exposures of 
permafrost soil, many with complex ground ice structures. While 
describing these exposures, it became obvious that ice structures 
would appear more variable in core samples than was actually the 
case through the soil mass, and hence descriptions based on the NRC 
system would be inconsistent for the same permafrost soil. 

To overcome this problem a facies classification, where the 
soil! and ice components in permafrost soil were collectively 
referred to as one medium or facies, was developed and used in 
conjunction with the NRC system. Ground ice structures may change 
in successive core samples according to the NRC system, but each may 
be characteristic of a discrete facies which would be obvious at the 
scale of a field exposure. Hence the facies concept maintains 
greater continuity between field and laboratory descriptions of 


lsoil in this context implies mineral particles, air and water as in 
thawed soil mechanics. 


288 


8s 


x : 
ane mel oDA is ol pots amg peo’ sigeladsit fone ise eds esa ~ i OR 
~~ on bod] Meh 26 Bive™ Yat YIIIVAS .9.1) otis weed. 
polantit Teak ee eee tagazibnr yiwsets pata i. 
begmauo oied Jom aa me? Sqi 1s ae. 


eopistyet yuostzedel baw Sleiy PS cal 
ail bieel eratq iartins v2 a 
fe Ad ae Peer 9nd WV shur abw 22nseosbAnore: 
ceeih scode vol ban WSVF5 eit gnols »6 Te aOgeS 
we et iniaes bateool sya achvadpsey? ate 


ig beruekom ef nsupeetss 


eg t ( yuh Ji3s8e 
3 rat saw eS0TmI B20 fenx3 27 102s 
n ' caw) erole 2ncalsvels 6) oe rud aaTe Oo bonmea9ts7 
Sroqen naggho se ai 
ei Dre 3 75V 9 (\qeee ted* 20 
suxe , fo fn qed 33 3A fete rie) wus ££Ou 
' iTS" ts 4 ‘epodal 1:4 noisudist est 
. y Bnosn sta roM ehuelease MT¢A 
$3 “ir 5 debe wret | adiglew Ph te 
(on veh belt sei) YS? sistas Gainsaies 1 
) pup rigu8 Qnrgnee Slomes oitebia’ e396 ins roo 
tedbaaeshy ssubesort] & 62 Qs bIG5 98 wauisny aig 
naraxe noiiesijyessl2 seoxleazee Eat 
7 ' ads J subOT? #4 !.b.Aa 
mn ‘ saattioes!s heew [acme "soe atiT 
bi ue 3 of teuolsut odd vd eisaset beqoioval stv seyuJouIss 
eniyer ners S28 doe eseel shore Oley of+ bak (988) sbanms 
iss re? at efi so 9] vxrk adele beste s@ S4 esp zosevodsl 
sand es 31. fel .aoienhel. bas mati nl atts aao eu 59% ot} tc. GF 
’ sn nigne add bem aol bevoxg Te en rede TO SINE 79 ea mnogu: 
a5 tu lsutts. 
sists @? BED 7T0RR" ob Levisolasg St te goa rreg onzei A 
> ab Tysoy*s pi ig euegsavesnto = nz? nou beaad 43 shes 
«1 sev? i baveg xe lqaios lw yaee , tees seovtaneg, 


muspaste o>) 3 da ananed 2) (eTunogae 28 3434129008 
ais ol ipo bom aw mat: > es e103 of el déstev Sooe nesqge Sinow ‘ 
44 act ao bome= efe@se gs see & sceed One ) 3888 fies 28 yords pest. 
16s) 3-6 Fiareg Sone BON it snes sitnopns Se bivov aeseye 

at weaile api jepizteantis 25497 ¢ weldorq eit? sapatsve oT ~ cn 
lavisertios ayl Lice saovi@ays4 12 asnanogaog 623 bas *1508 

tt Rae, tae Cogn ie eee eatoad so. mudbom and me Os Borie oe 
' pl cas +2, he ee aw bawosd ~oszeye 28 rye oe sapere 


bide) 2 Rote penser a E 


- 


e 


f= 
+ 


permafrost soil. 

Facies classes are based upon ground ice form because this 
factor is readily discernable and affords a preliminary assessment 
of engineering behaviour. For convenience, contemporary names of 
ground ice forms have been adopted as facies class names. Those 
likely to be encountered include: pore ice, segregated ice, 
reticulate ice and stratified ice. The following is a brief 
description of each class. 


Avo. 26 bore ice 

Pore ice is an almost ubiquitons permafrost soil facies. It 
1s a medium where ice is present as a cement or bond in intersticies 
between mineral particles. 


A.3.3 Segregated Ice 

Segregated ice 1s a medium where impure, irregularly shaped 
ice structures are dispersed randomly through the soil mass. 
Typically neither the ice or the soil component exhibits any 
preferred orientation. The distinction between segregated ice and 
pore ice becomes somewhat arbitrary as the scale of ice structures 
decreases to approximately that of interstitial dimensions. 


A similar definition for segregated ice was proposed by 
Mackay (1966). 


A-S.4eeReticulate Ice 

In reticulate ice, the ice component comprises a network of 
veins which impart an overall recticulate (brick-like, as defined by 
Mackay, 1974) structure to the soil-ice medium. Usually, veins are 
through-going in one direction and are referred to as primary 
veins. Other veins intersect these at varying angles near 90° and 
are called secondary veins. 


AG oe epotraci cred ce 

Stratified ice, as the name implies, is a medium where 
discrete ice strata lie along stratigraphic contacts and appear to 
be an integral part of the sedimentary profile. 
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A.4 Summary of Measured Sections, Test Holes Logs, and 
Test Pit logs from the Great Bear River Area 


pet 


a) 


one ,wend soso Jest genetzae! DSIUeee Ss tens 


neve Davis t35@ Jeoty sit eo : 


e 
ee - 


GB l 
GB 1A 
GB 1B 
Chae 
GB 3 
GB 3A 


GB 4 


CLAY and 
SAND: 
iS 


SILTSTONE 


and SHALE: 


4 


GB 5 


Thickness Depth of base 
(metres) (metres) 


March & April/75 


Test holes drilled as part of this study. See Appendix B 
for detailed logs. 


March 26 & 27/74 


Northern Engineering Services Ltd., test hole N74-303 
(km 7.1, river course)!, 


Estimated ice surface el. 56.7 m. 1.68 1.68 
1. 07 Ibe 3) 
Interbedded; grey, medium to high 2.59 5.34 


Plasticity, sandy clay; and’ rine’ to 
medium grained, locally cemented, 
sand; unfrozen (originally described 
as SILTSTONE over SANDSTONE). 


O23 VIED 7 
Dark grey; trace of fine sand 
throughout; hard; blocky except 
for occasional fissile lenses; 
varies from a silty clay with 
medium plasticity to a clay and 
Stitiwith Low plasticity, 
unfrozen (originally described 
as CLAY SHALE). 


MarcheZou-—a2o/44 


Northern Engineering Services Ltd., test hole N74-304 
(km 7.1, river-course). 


Where the sections or test holes are near the banks of Great Bear 


River, the location is given by the kilometre location along the 
river followed by R or L signifying right or left bank respectively 
or "river course” if drilling took place in the channel. If the 


location is more than a few 100 m from the banks it is given with 
latitude and longitude. 
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Thickness Depth of base 


SSS 


WATER: 


CLAY and 
SILT 
3 


SILTSTONE 


and SHALE 
4 


SILTSTONE 


Ayovel SyeV/Nbls, < 


5 


SILTSTONE 


and SHALE: 


PEAT (Pt): 


1 


SAND (SP): 


2 


(metres) (metres) 

Estimatedicessurtace elo.) m. 1.37 37, 

1.68 33.05 
Grey; some fine to medium sand; OF6! 3.66 
low plasticity; unfrozen. 
Dark grey; overall clay-silt Om 3281 
classification; high plasticity 
components; fine sand throughout; 
carbonaceous; hard; laminated; 
unfrozen (originally described 
as CLAY SHALE). 

9.39 Ho XG) 


Dark grey, fine-grained silty 
clayey sand; laminated; some 
cementation, well cemented below 
6.00em- occasionally chin layers or 
interbedded shale; variable 
plasticity (originally described as 
SANDSTONE). 


Hard; sandy; interbeds of sand- Ori eer fel 
stone as above unit 4 (originally 
described as CLAY SHALE). 


April) 3°& 47 74 


Northern Engineering Services Ltd. 
yerig A tk eg ie 


; test hole N74-307 


Colheveoa aie @iL, B7,5 wm, 


Woody, coarse fibrous peat Oey 2a, 
containing scattered wood; 
ground ice Vx with 704 excess. 


Brown €oO grey ;etraceronss. UL, OED Deed 
fine to medium grained; ground 

ice Vs & Vx with ice lenses to 

[ecm thick andaan excessror 502A. 
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aes vasa sia ile i 


a SE ane © 
ae vs . T 
L <8 wy 7.) Pole 7 


Thickness Depth of base 


(metres) (metres) 
PEAT EGE): Coarse fibres criss-crossing OFy3 95 
3 fine fibrous peat; ground ice 
Vs & Vx with an excess of 60%. 
SAND (SM): Brown with rust stains through- DDG] comer 
4 out; fine grained; calcareous; 
occasional small coal inclusion; 
ground ice Vs & Vx at top chang- 
ing to Vx at bottom, excess de- 
creases from 504 to 15% with 
depth, one 6 cm ice lens at 0.79 m. 
Siar CMe Trace of fine sand; low plastic- Onis 4.60 
5 ity; ground ice Vx with excess 
Ole ee 
CUAYeCCl-CH)eucrey-stltyeecalcareous; stitt 4.54 9.14 


6 


when thawed; high unfrozen water 
content (based on deformability 

in frozen state); stratified below 
1.19 m; medium plasticity; ground 
ice Vx, Vr and Vs throughout with 
excesses ranging from 104 to 304 
and ice lenses up to 27 cm. 


Estimated distance from bottom of 21.95 30,09 
hole to local river level. 


GB 7 


SAND (SM): 
1 


<>; oN OT ee 
Apr 2772 


Northern Engineering Services Ltd., test hole N74-308 
CE lel) 


Colleweae ae LOLs. SO mM Acids So ths 


Medium brown; trace of silt; 17.68 bi shes 
random fine gravel zones; gener- 
ally fine grained, becoming medium 
to coarse in zones with fine 
gravel; calcareous; ground ice 

Nbn to 6.86 m (unfrozen between 
0,6) mM andul.220m)5 eV <eand 1Vr 
between 6.86 m and 9.45 m, Nbn 
thereafter; excess varies from 

10% to 40%, one ice lens @ 

Lies oemuerlomcmmthia ck. 
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piso. ioe 13 
piso laid : genin, 


, x 
q p Pa 
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CLAY and 


SELTACh) = 


2 


SAND (SM): 


3 


CLAY) CCl 
4 


-CH): 


TILGeCCL-Cl)s 


5 


SAND: 


Thickness 
(metres) 
Brown; low plasticity; unfrozen Le 2 
to 0.31 m, ground ice Nbn there- 
after; sloughing suggests other 
unfrozen areas. 
As above unit 1; some silt and B20 
clay interbeds below 2.13 m. 
Grey; silty, some silt partings; 15.70 


calcareous; medium plasticity; 

stiff when thawed; very deform- 
able in frozen state suggesting 
high unfrozen water content; 

small ice partings and ice lenses 
up to 504 outside of pure ice zones. 


Grey; silty, trace of fine sand, 1.86 
trace of medium gravel; medium 
tom owsip! asitiei tye 


Estimated distance from bottom 5s 15 
of holesto socal river level. 


Depth of base 
(metres) 


SE AW) 


22.40 


38.10 


39596 


45.11 


eoily 23/7 es 


This section is representative of the alluvial plains 


below St. Charles Rapids (km 46.3, R). 


Hs is) 


Greyish brown (10YR5/2) fresh; 94 
silty 304 to 404, increasing 

with height; plasticity and dry 

strength negligible; grain size 

ranges from silt size to coarse 

sand size, sand is angular, 

quartz and feldspar; overall 

structure is massive. 


Sand 70%, as above unit 2; gravel a 
304, up. tor6.cm, mode 2:5) cm, 
subrounded to rounded, 904 gran- 

ites and other crystalline rocks, 

5% each of sandstones and carbon- 

ates. 
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Thickness Depth of base 


(metres) (metres) 
SAND: As above unit 2; gravel 54 to 8 Sh510) 
4 lOAsRupmtoelLORcm-smoder.. cm, 
subrounded, predominately 
crystalline rocks esp. granites. 
BEACH: A loose boulder and cobble pave- Bye NS) Gra 
5 ment; maximum size 80 cm, mode 
20ecm sto. 40ecmss matrixes and: 
medium to coarse as above unit 2. 
RIVER LEVEL 
movin Til De 


GB 9 


COVERED: 


SAND: 


First good exposure of glacial deposits below the St. 
Charles rapids. The section has a 45° slope and is un- 
stable. The river is eroding the toe and debris is con- 
tinually falling from the face. Small bimodal flows have 
developed in an ice-rich stratum overlying the till. 
Although largely covered, this unit appears to be a silty 
Clayemeo i munilsedaipasliehtly westward (km 45-450t). 


Organic sand as Unit 2 below. 26 aes) 


Medium to coarse grained, mode eS 7 1.2) 
coarse; angular; moderately 

sorted; quartz and feldspar; 

gravel 54 to 104, maximum size 

2 cm, mode 1 cm, subrounded to 

rounded, predominantly crystal- 

line; lowest third stratified, 

beds average 5 cm thick and 

range from 1 cm to 13 cm, bedding 

control is between medium and 


coarse grained sorting. 
(AR-73-3 @ .8 m)l, 


L Where samples were taken from a particular unit the sample number 
appears at the end of the description together with the sampling 
depth (when known) below the top of the unit. 
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IUIGL JL, 


SILT: 


Thickness 
(metres) 


Very dark greyish brown (10YR 3/2) 535 
fresh; silty 404 to 50%; firm con- 
sistency undisturbed; medium dry 
strength; medium plasticity; mas- 

sive; upper contact cryoturbated with 
overlying sand; very moist, high 

ground ice content is suspected 

(AR-73-2 @ 0.25 m and WS-73-3a 

Q025 nm )e 


Assumed similar to unit 3 above. Seo 
Togesiiter -wi theuni tee, this an— 

terval is the seat of bimodal 

flows. The lower boundary is 

defined at a break in slope. 


Below the break in slope men- 2EAS 
tioned above (unit 4) the 

covered interval is assumed as 

unit 6 below. 


Dark greyish brown to very dark 145 12 
greyish brown (LOYR 4/2 to 3/2) 
Ereshvael von Gegreyan LOYRE//i2)edry; 
moderately sandy, becoming very 
sandy with depth; hard undis- 
turbed consistency; very low dry 
Sinpengsti; sloweplastwcmty eins 
clusions 204 to 304, maximum size 
38 cm mode 1 cm, boulders 14, 
subrounded, predominately crystal- 
line; very rarely stratified by 
Sandslenses pel "cmetou/mem thick, 
never greater than 1 m laterally; 
moderate fissuring throughout; no 
permafrost within 1 m of face and 
no evidence of this unit failing. 
(WS-73-4b @ 2 m, WS-73-3c @ 12 m). 


Very dark grey (1OYR 3/1) fresh; 20 
Clavevel0s.COsG0, erst arcecon. 

sistency undisturbed; low dry 

strength; low to medium plasti- 

city; massive; moderate fissuring. 


Depth of base 
(metres) 


ae 


oe 


LO? 


24. 


26 


0 


28 


40 


-40 
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Thickness Depth of base 
(metres) (metres ) 


SAND & GRAVEL: Sand is medium grained; 4.45 30.85 

8 angular to subangular, well 
sorted; quartz 90%, feldspar 
LOe e508 0f total@inite well 
stratified and moderately cross- 
bedded. Course sand and fine 
gravel beds up to 30 cm thick 
make up 354 of total unit; 
gravel only pebble size. 
Sault) bedsgupmtopl Sacme thick: 
i5,a@ot totaleunitemusuall y 
fringed by a few centimetres 
of fine-grained, very well 
sorted sand. 


SAND & GRAVEL: Coarse grained; angular to sub- 7.14 38.59 
9 angular, angular mode; well 
sorted; 704 quartz, 30% feld- 
spar; gravel 10% to 40%, mode 
154 to 204, maximum size 90 cn, 
mode 0.5 cm, boulders and cob- 
bles 14; stratified with minor 
cross-bedding, bedding con- 
trolled by sorting of gravels. 


SAND & SILT: As unit 9 above; interbedded LexG 40.19 
10 with silt and fine sand, these 
Dedsrarcmo ach LoOmUncmethi ck 
and represent 50% of the unit; 
the beds are saturated, there is 
very slow seepage which evapor- 
ates from the face; no evidence 
of ground ice or permafrost with- 
Piel Semeoterace. 


SAND & GRAVEL: As unit 9 above; maximum size SoD 46.04 
ie! of gravel 20 cm, mode 4 cm, 
approximately 54 larger than 
pebble sizes. 
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GB 10 


COVERED: 


SAND: 


CLAY: 


COVERED: 


5 


RIVER LEVEL 


Thickness Depth of base 
(metres) (metres) 
July 23/73 


Major failure area, good exposure is limited to the top. 
The feature is a bimodal flow with its toe extending into 
the river. The backscarp angle is 21°. Permafrost is 
within one half metre of the backwall and is actively 
degrading (km 42.5, L). 


Root strength is very high. In .18 .18 
some cases the organic mat has 

folded 3 m over the face and has 

remained intact. 


Dark brown (10YR 3/3) fresh, light -46 .64 
grey (LOYR 7/1) oxidized; stiff 

to hard consistency undisturbed; 

negligible dry strength and plas- 

ticity; very well sorted; no 

SPmtcecure. 


Coarse grained; angular; well 6.8 
sorted; quartz and feldspar; 

top 32 cm oxidized; gravel up 

to 6 cm, mode 0.8 cm; stratified 

and cross-bedded throughout; lig- 

nite common in lowest 1 m; perma- 

frost at 48 cm below the face. 


(o9) 
~~ 
Le) 
ho 


Very dark greyish brown (1OYR 3/2) 2.6 10.12 
fresh; silty (20% to 30%); firm 

consistency undisturbed; medium 

to low dry strength; fissured; 


upper contact cryoturbated with 
overlying sand. (WS-73-4a @ 
0.5 cm) 
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Thickness Depth of base 


(metres) (metres) 
Juby °23/73 
GB ll This section is similar to GB 10 but is less well 
exposed. The failure is mildly active but the seat of 
melting is not visible. It is not affecting river 


hydraulics in any way. The backscarp angle is 27°. 
Permafrost is present at 1.2 m in the upper sand (km 
AISO55 Ls 


COVERED: Organic sand as Unit 2 below. Ao OY, 


SAND: Dark greyish brown (10YR 4/2) Ble Shere 

2 fresh; silty, 104 to 304 except 
in last 2 cm where it is 504; fine 
to medium grained, mode fine; 
angular to subangular; moder- 
ately to well sorted; predomin- 
antly quartz; stratified 
throughout, most beds 1 cm 
to 2 cm thick, thickest bed 
1s bottom 2 m of unit; zones 
of high silt content appear wet. 


SAND: Coarse grained; angular; moder- 2.0 Om 
3 ately to well sorted; quartz 504, 
feldspar 40%, dark minerals 
104; gravel 54 to 10% maximum 
size 4 cm, mode 1 cm, sub- 
rounded, predominately crystal- 
line; gentle cross-bedding; bed- 
ding controlled by sorting of 
gravel. 


COVERED: A break in slope at the lower 4.0 Oo 
4 boundary of this unit is assumed 


to be a sand clay contact. 
COVERED: 2256 32.41 
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RIVER LEVEL 
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Thickness Depth of base 
(metres) (metres) 


Juliyee oye 


An alluvial plain section similar to GB 8. The high 
water mark is 3 m above the top of this section (km 40.0, 
about 75 m up St. Charles Creek on its left bank). 


COVERED: 


Sine 


SAND & GRAVEL: 
A 


~ 


RIVER LEVEL 


Organic cover immediately above “05 £05 
exposure. 
Dark greyish brown (10YR 4/2) 4.41 4.46 


fresh; sandy 204 to 40%; hard 
consistency undisturbed; negli- 
gible dry strength and plasti- 
city; sand, fine grained, angu- 
Vareequarez andefeldspar, occa— 
Stonalenortontal Clayeand silt 
lensesm (LO Ze OLeunT to supe torla6 
cmethickwand-upsetom amuLong, 
mode 1.5 m long. 


Oxidized; sand 50% to 602, ee ee) Sy sieys) 
medium and coarse grained, 
angular, moderately sorted; 
gravel, maximum size 80 cn, 
TOZ*to 8154 ‘bouldersy "20% cob- 
bles, mode 2 cm, predominately 
crystalline rocks. 


GB 13 


COVERED: 


SAND: 


TE BGK Watiae Ge BF 8553 14/7 
An old bimodal flow now stable and vegetated. No perma- 


frost found although it is suspected at between 2 and 5 m 
(kmes9la55e) Roe 


Organic cover immediately above Oot Ossi 
exposure 
Medium to coarse grained; angu- 17.48 LRT 


lar; moderately to well sorted; 
quartz 70%, feldspar 20%, dark 
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Thickness Depth of base 


(metres) (metres) 
minerals W074; eerave! 104eto 157, 
maximum size 2 cm, modes 0.3 cm 
to 0.4 cm; stratified; bedding 
controlled by different grain 
sizes of sand and by sorting 
of gravel; bedding horizontal. 
GRAVEL: Pebbles and small cobbles; maxi- ils) 17.94 
3 mum size 9 cm, mode 1.5 cm; roun- 
ded; predominately crystalline. 
CEA: Dackecueye (LOYREG/yetresh> silty 12.73 BOE Oy, 
4 30%; firm consistency undis- 
turbed; medium dry strength and 
plasticity; massive; moderately 
fissured (AR-73-4 @ 3 m). 
COVERED: 9.4 40.07 
5 2 
RIVER LEVEL 
i tae SNE i oS Sa a 
GB 14 Steep section exposed on the river bank. It is being cut 
back by the river. Permafrost is not a factor in this 
exposure and was not observed; it is estimated at 3 m to 
5 m below the face. Several pits were dug above the top 
of the exposure in a slope leading up to the local plain. 
Based on these pits, the stratigraphy above the section 
is estimated. The high water mark at this location is 
2.75 m above present river level (km 37.1, R). 
COVERED: Considered sand and silt based 18.0 oleae) 
l on very random holes. 
COVERED: Considered to be clay based on ye des 27RD 
2 very random holes. 
COVERED: Organic cover immediately above 20 ike ahs) 
3 exposure. 
CLAYe Light brownish grey (10YR 6/2) 262 29.97 
4 freshivesilty 20% to 302.) firm 


consistency undisturbed; medium 
dry strength; medium plasticity; 
massive and fissured. 
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SAND: 


COVERED: 
vy 


RIVER LEVEL 


GB 15 


COVERED: 
1 


COVERED: 


SAND: 


302 


Thickness Depth of base 
(metres) (metres ) 


Mottled rhythmites; silty 304 to pe 30°38 
40%; stiff to hard consistency 
undisturbed; low dry strength; 
low plasticity; stratified by 
dark lenses of clay frequently 
containing traces of fine to 
medium-grained sand; bedding is 
consistently 10% off parallel 
with lower contact (dips 10° 
northeast). Approximately 20 
rhythmites present. 


Fine, medium and coarse grained; 10.48 40.86 
trace of silt; angular; very 

poorly sorted; quartz 80%, feld- 

spar 154, dark minerals 54; gravel 

10% to 204, maximum size 42 cm, 

mode 5 cm; boulders 1%; well stra- 

tified and crossbedded, mode of 

bedding thickness 10 to 25 cm, 

bedding controlled by sorting. 


20 42.86 


eulye a 73 


Section exposed in stream cut high on bank and well back 
from river. Stable, vegetated, with no permafrost ob- 
served but estimated between 2 and 5 m below the surface. 
Cima oe 1 eels): 


13.0 13.0 
Organic cover immediately above #35 L335 
exposure. 
Very pale brown (10YR 7/3) dry; fae 20.95 


silty 20% to 40%; angular; well 
sorted; quartz and feldspar; 
massive. 
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Thickness Depth of base 


(metres) (metres) 


COVERED: 
4 


RIVER LEVEL 


Ao )en t) 45.75 


GB 16 


COVERED: 


CLAY: 


LICL? 


COVERED: 
R 


RIVER LEVEL 


COVERED: 
ls 


July 24/73 


Small, well-exposed section almost at river level. No 


permafrost was observed but it is assumed between 1 m and 


4 m from the surface. The natural moisture content is 


high in both major units. The section is stable (km 
One Roi 


Organic cover immediately above a3 a3 
exposure. 
Very dark grey (10YR 3/1) fresh; 12 125 


silty 204; firm consistency un- 
disturbed; medium dry strength; 
medium plasticity; massive; 
moderately fissured throughout 
(AR-73-6 @ 0.6 m). 


Very dark greyish brown (10YR 3/2) 1.5 SEO 
fresh; sandy texture; hard consis- 

tency undisturbed; dry strength 

negligible; low to negligible 

plasticity; inclusions 202 to 302; 

boulders and cobbles 1%, maximum 

size 28 cm, mode 4 cm; moderately 

fissured (AR-73-5 @ 0.75 m). 


July 2473 


Small section almost at river level. No permafrost ob- 
served but assumed between 1 m and 4 m from the surface. 


The natural moisture content is high. The section is 
stables (kms 2c0nmh em 


Organic cover immedimately above Uae 03 
exposure. 
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COVERED: 
5) 


RIVER LEVEL 


Thickness Depth of base 
(metres) (metres ) 


Very dark greyish brown (1OYR 3/2) 1.0 1-3 
fresh; “sandy 104 to 154; hard con- 

sistency undisturbed; negligible; 

dry strength and plasticity; inelu- 

sions 15% to 204, maximum size 

1e2* mr, Doulders? and copples 27, 

mode 3 cm to 5 cm; moderately 

fissured. 


5.48 6.78 


GB 18 


COVERED: 


L 


COVERED ; 


SAND: 


COVERED: 


& 


Oily 222773 


Steep sand section forming backwall of bimodal flow. The 
angle of the backwall is 52°, the flow angle of the bank 
is 28°. The section appears stable, however, small 
streamlets emerging near the base and its bimodal 
character suggest degradation of ground ice in a unit 
below the exposed sand. No permafrost found but it is 
suspected at between 1 m and 3 m below the face 

Chines Ue 1 


Organic sand as unit 3 below .48 7.00 


Fine and medium grained, fine 1000 17 <0 
mode; angular; well sorted; 

quartz 854, feldspar 10%, dark 

minerals 54; frequently inter- 

bedded with silt, silt beds 

range trom 10 scm) toro0) cmathick. 


Assumed same as unit 3 4.38 238 
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Thickness Depth of base 
(metres) (metres) 


COVERED: There is a distinct break in 20.0 41.38 
5 slope at the top of this unit. 
Within several metres below this 
break, small streamlets are 
observed coming through the 
colluvium. This is assumed to 
be a sand clay contact and the 
water is from degrading ground 
ice within the clay. 


RIVER LEVEL 


July 24/73 


GB 19 Small exposure in the backwall of a bimodal flow. The 
backwall angle is 55° and the flow angle is 29°. 
Permafrost ranges between 14 cm and 35 cm below the face 


at the top and bottom of the exposure respectively (km 
29> nee): 


COVERED: Root strength is high. The .48 .48 
ib organic mat folds up to 2.4m 
over the face. 


TLL Very dark grey (7.5YR 3/2) fresh; 220 2.48 

2 silty, sandy texture; hard con- 
sistency undisturbed; low dry 
Strenecthke | Owaplasticrty, inclu 
sions 10% to 204, maximum size 
45 cm, mode 1 cm, boulders 1%, 
subrounded to rounded, predomin- 
antly crystalline; reticulate 
ice, maximum thickness of ice 
veins 0.4 cm, mode 0.1 cm to 
Org em,e10% to 204eexcess)  (WS-73-l2a) 


COVERED: es ey 15.00 
3 


RIVER LEVEL 
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GB 20 


COVERED: 


SAND: 


GiAYas 


Thickness Depth of base 
(metres) (metres) 


agit eisy 7h} 


Excellent exposure in the backwall of an active bimodal 
flow. The slope of the backwall is 59° and from the base 
of the backwall to the river is 26°. High ice content in 
the lower clay and groundwater movement along the 
permafrost table in the overlying sand contribute to the 
unusually high activity of this flow. The top of the 
plain is 3.0 m above the top of the exposure and has been 
recently burned. “(km )24.1,R). 


SuLtyewitn distinctysilt bands, Eyes) Bye fs) 
medium and fine grained, mode 
fine; well sorted; quartz 904, 
feldspar 10%, dark minerals 14; 
stratified, bedding controlled 
by silt bands and sorting of 
dark minerals; silt lenses up to 
becmathickeemode 0:2°> cm to 0:4 
Cites tem o02 sands 
frequently small extention 
faults showing downslope 
movement of exposure (toward 
river) in apparent frozen state; 
permafrost 10 cm to 75 cm below 
face; frequently ground water 
flow over permafrost table 
causes sand to slough off 
exposure (WS-73-14a @ 1.0 m). 


Darkeerey, (LOYRe4/ )etresn.ssilty 2.0 Behe 
20% to 30%; soft consistency 

undisturbed; high dry strength; 

highly plasticity; reticulate 

ice ranging from 10% excess at 

the top to 804 excess at the 

base of the exposure. 
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COVERED: 
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RIVER LEVEL 


GB 21 


COVERED: 
1 


Nh 


CLAY: 
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Thickness Depth of base 


(metres) (metres) 
The sloughing material leading to 34.34 40.09 
the river is moist with numerous 
streamlets leading from the back- 
wall. It is deeply gouged indic- 
ating recent large mass movement 
toward the river. 

Jules 25/70 


Several small active bimodal flows provide random 
exposures for approximately 45 m above the river. All of 
the contacts given are inferred except for the clay-sand 
contact. Limited permafrost was observed and is 
considered to be between 1 m and 4 m below the surface 
cme. eos 


Vegetation mat is quite strong. Owes Die 
In several cases backwall abla- 

tion has ceased because of the 

insulating effect of overhanging 

organic cover. 


Locally silty; medium and fine yee 17°38 
grained, mode is medium; angu- 

larsewel lesortedgy quartzecsxs 

feldspar 104, dark minerals in- 

cluding lignite 54; gravel 14, 

maximum size 58 cm (ice rafted); 

stratified and gently cross- 

bedded; bedding control is grain 

size sorting; silty areas have 

high moisture content. 


Silty 102; soft) consistency un= 125.8 30.60 
disturbed; high dry strength; 

high plasticity; moderately fis- 

sured; reticulate ice, up to 404% 

excess ice, mode 204 to 304. 
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RIVER LEVEL 


GBY22 


Thickness Depth of base 
(metres) (metres) 
Very dark greyish brown (10YR i6"..0 46.60 
3/72) efreshs tsandywsility 
texture; hard consistency 
undisturbed; low dry strength; 
Vow plasticity; pinclusions 104 
to 20%, maximum size 20 cm, 
mode 3 cm; fissured throughout. 
‘ UM TSE 


Small active bimodal flow. 
LS), 


Permafrost at 0. Som) kmezo. or 


COVERED: 


Lis: 


COVERED: 
S 


RIVER LEVEL 


Ghia 


COVERED: 
1 


Thin organic soil mat partially 
covering top of exposure. 


O23 ORS 


Very dark greyish brown (10YR iss es 
oi omiceshs gsi uty » hard 

consistency undisturbed; low 

dry strength; low plasticity; 

inclusions 10% to 154, maximum 

size 38 cm, mode 3 cm; 14 

boulders; reticulate ice, 104 

to 154 excess ice, ice lenses 

Graisten tton 02 fcma titer. 


U1 
th 
fo) 
co 


ary 5/75 


Section is opposite large bimodal flow described in sec- 
tion GB 20. It is poorly exposed but till can be defined 
up to 17 m above the river (km 24.1, L). 


Based on sections a short dis- 10.0 10.0 
tance upstream, this is assumed 
to be clay (thickess given is 


not to the top of the bank). 
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Luis 


RIVER LEVEL 


Thickness 
(metres) 


Dark grey (10YR 4/1) fresh; sandy 17.0 
and silty; hard consistency 
undisturbed; very low dry 

strength; low plasticity; 

inclusions 10% to 204, maximm 

size 26 cm, mode 4 cm, 

subrounded, crystalline; 

fissured throughout. 


Depth of base 
(metres) 


IPSS) 


jubys25/73 


GB 24 


Good exposure of sand. The sand appears to have been 
deposited in a channel eroded into underlying clay (km 


ieee 2 


CLAY: 


COVERED: 
3 


COVERED: 
4 


RIVER LEVEL 


Silty 10%; medium and fine bOa25 
grained, medium mode; angular; 
moderately to well sorted; 
quartzes0Z,uftetdsparsl529edark 
Mimneralseandeldonite 944 stra— 

tified and gently cross-bedded, 
Deddingecontrolwisssrainesize 

sorting. 


Silty 10ABtoa204;#firmeconsiste 1.0 
ency undisturbed; medium dry 

strength; high plasticity, 

fissured throughout; reticulate 

Doe J0AStLO S0-sexcess Ice Tce 

veins vary from 1 mm to 3 mm 


thick. 
Assumed clay as above unit 2. 1055 
Assumed till as described in 10 


SECLLONS —GBe2zeandeGBy23. 
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GB 25 


GB 26 


GBae? 


GB 28 
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Thickness Depth of base 
(metres) (metres) 


Sulye25/ 75 


Examined a number of poorly exposed bimodal flows. Based 
largely of observations of colluvium the section is clay 
Overetullewitheascontact: 3 moabove. the river (km 20.3, 
ie 


ee aye 5/75 


Steep section with sand exposed from 41 m (the top of the 
section) to 27 m, then colluvium to river level. A 
trickle of water and a slight break in slope at 23 m may 
indicate the approximate position of a sand-over-clay 
contacte<km 16.9, \L). 


VECO Pay fis 


Several small quasi-stationary bimodal flows. Exposure 

1s poor but digging revealed several units. Clay is pres- 
ent at 11.6 m and rises at least 2 m above. No good evi- 
dence of the till was found, however pebbles and cobbles 
of crystalline rocks in colluvium at lower elevations in 
the flows suggest its presence (km 18.1, L). 


Sine ge 


Bedrock appears as bluffs rising sharply out of the 
river, capped by Pleistocene deposits which are exposed 
in small bimodal flows. Permafrost is present throughout 
the section. Reticulate ice was observed in the 

ei rtstone (km 16%2, ek). 


This is a minimum thickness, 10 10 
thick bush and lack of time did 
not allow a thorough investiga- 
tion of the extent of the sand. 
Silty 10%; medium and fine 
grained, mode is medium; angu- 
far yewell@sorted: qudrtzmoo4, 
feldspar 10%, dark minerals in- 
cluding lignite 5%; several ice 
rafted cobbles observed, maximum 
size 34 cm; stratified and gen- 
tly cross-bedded, bedding con- 
trol through grain size 
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Thickness 
(metres) 


sorting; permafrost expected 
between 2 m and 3 m below the 
face. 


CLAY: This contact was not located and 10 
2 is inferred with a possible 
€rror Otel emeubotlLiyae202ato 
30%; soft consistency 
undisturbed; high dry strength; 
medium to high plasticity; 
moderately fissured; reticulate 
ice, 20% to 304 excess ice. 


LLL: Silty; very dark greyish brown Z 

2: (lTOYRa3/2) etresh-astvrmatoyhnard 
consistency undisturbed; very 
low dry strength; low 
Das SPCLEV Mein CluUsiOnSe., 
maximum size 17 cm, mode 1 cm, 
crystalline 80%, shale and 
siltstone in various weathering 
states 20%; fissured through- 
ouCswreticulatesice, 10Z,toal5sz 
excess ice, active layer 80 cm 
to 120 cm thick (WS-73-22a @ 
625m) 


Sits LONE: Very dark.ereyish brown (1OYR 3/1) 7.5 

4 fresh; loose; non-calcareous; 
heavily fissured rendering it 
unstable and crumbly; 
carbonaceous material common 
and in various stages of 
decomposition to lignite; 
massive except for a 20 cm coal 
seam at 4.8 m; breaks down 
easily when wet, permafrost 
presentaecritucalsactaveslayer 
thickness is 90 cm to 100 cm 
before localized fall type 
failures occur; reticulate ice, 
lO setoulo~gexcesseace; 
(WS-73-22b @ various levels in 
siltstone, WS-73-22c coal @ 4.9 
m above river level). 


RIVER LEVEL 
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Depth of base 
(metres) 


20 


27 


342 


a 


Ps _ i * 
503) see 20077 SH T9q peassqes. 
goied m t bon G £ saeused. 
pe? 
4 + 


azqod eit 


' id PAD. gq 26W a- 

d { & sit 2 i oo Tusaol ar 
af w31i6 2 io 39 130 
I7 eis 5 iItGe - SOF 
TI) 2 af bedy1s elbow 
af ‘ iu S24 
) yseri’ ¥J shia 
> af y > aol 
y UJ 7 7 = 2 « ii 4 

2 Gest. PAE Alvi 
YISY ; | as {2f + 
(3 Sjyi12 7. wot 
enco.eva é 4Wat 32619 
) 4 Bs c - | gaie Tsk Ea 

L ‘baa JOB. aris v 
305 ahw Buolss ‘ : es iis 
2 0 petuenil (03 wo2njs 
6 j , #32 $39 2.uU Ser ,4W 
t A a .f svigos —F sabor> 
-2yJ rr 5 a 
(a 2.0 


ety aash yao’ 


‘eoigvenen | 2800! ides 
iio betuesta eisverd 

- oy | ets? tna aldsasie 
jrolem auo#3b005 74-2 


ro sayste RUOT TRY 02 Dae 
2 noboisogmes$s 

+i IqeoKe svieten 
. teond (o 6.8.38 e898 
san fam2eq . 396 node. Tee 
yayeal aes23o6 inaisiae ,3nsesT 
gy 0ul od po Of 4 eka 9 - 
ogee List beagteve 
doi oSelupiden. 
cy. BaD 


. \yoor! fs 
7 4 . 


fone we OF 


-~ 


Thickness Depth of base 
(metres) (metres) 
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COVERED: 


SAND: 


COVERED: 


COAL: 


July 26/73 


Excellent exposure of Pleistocene sand over bedrock. The 
sand banks extend almost to river level but the unit 
itself seems perched on one or several units which are 
failing, causing the whole bank to regress. Tertiary 
bedrock dipping steeply southwest is exposed at river 
level. This attitude does not reflect regional trends 
Father veeseems related to local instability (km (11.851): 


ThingoceanicCerlchasandeatetopsor Oe O73 
exposure. 
(The basal contact is estimated 7-88 17.68 


approximately 14 m of fresh 
exposure were examined at the 
top of the section). Medium 
and fine grained; mostly 
quartz; subangular to rounded, 
finer grains show greater 
roundness; subangular grains 
represent the medium fraction; 
lignite beds common, up to 3 cm 
thick moden0 ;3%cm;straces vot 
undecomposed organics; bedding 
control is with lignite beds, 
limited cross-bedding; perma- 
frost estimated between 2 m 
and 3 m below the face (AR-73-7 


@ 8 m). 

Assumed to be clay overlying 18.08 33570 
till as described in section 

GBP28s 

Fissured, peds up to 3 cm in ee 36.98 


diameters sand” andesrit content 
up to 40%, mode 10% to 204; 
frequently plant fossils are 
well preserved; amber crystals 
common up to 0.1 cm in dia- 
meter; no distinct bedding. 


S12 


» 
pen we ’ 
»e<t oe) 
a ain = me ad —— 
none satseseislT Jo stwecqes saslisoxd 


~vol saviy 62 Jeomie Boeox axnsd bese 
imyvee FO ang im banw7sd aresart Jieets 
’ er tw a: gr r at) | gnitin 


o* 
afin fie nese u BN ey ib oa orbed if 
; sbhusr2ie e171 ioved 
pool oj betelat mgoe it ‘wate 
aa een A AL ee 
ic sae bose Cory Dinegzo HrAe axaxy GD 
4 yO20039 I 
isae af 3587709 jsend sf? aman 
Acget So a Oo] Vistar n tqQF 5 
49 3p bonimeke S¥ew STUEOgsS 
eu i bom (qossuce on? Jo qu 
efsaim i hehiete oni] bas 
 bebnug? 02 va 'Dawadue (SI7SUP : 
78) 49 TS wits etiare anti =a oes 
eniemg wingrecwe [Peonoane: 
-‘abijown aelber Bei 329057991 é 
r> C e2 gu , Romeo: ahead ssingil 
paokys ao £0 atom wi 
ribbed S80 ihe Te becoqies shim : 
eood wtingii sare ei 'otsno5 _ 
-pesee (ani bbed-aeotd poo taki 
mf iaouied Kea eeides 2308 ; 
-£{-8h) 950) af Wolse a I tm 
in 85 
ao, 8 ariyirevo yells ed o3 bow eA 


umizoga nt hedby>ae) es. r'ys 
<BE Be 


o.! ai we £ ef qu —_ vberweesa 


Sratnes rebar naa nicenp§ 


and oo ter pant 


SILTSTONE: 
5 


RIVER LEVEL 


Thickness Depth of base 
(metres) (metres) 


Greyish brown (10YR 5/2) fresh; 2.30 39).28 
loose; non-calcareous; fissured 

throughout, maximum diameter of 

peds 3 cm, mode 2 cm; traces of 

plant fossils in various stages 

of decomposition to lignite; no 

distinct bedding; breaks down 

easily when wet. 


GB 30 


IGE dk, 


Exposure of Pleistocene deposits over bedrock in a west- 
facing stream cut approximately 700 m upstream from the 
confluence of Brackett River. Between this section and 

GB 29 the stratigraphy is obscured by cover while in a 
western direction through GB 31 and GB 32 the stratigraphy 
is well exposed (km 11.5, L.) 


Sultys40%to 504; "firm consistency Bhat! 328 
undisturbed; medium dry 

strength; medium plasticity; 

fissured; believed to contain 

ground ice, permafrost not ob- 

served within 0.75 m (thickness 

given is not to the top of the 

bank; WS-73-23a @ 2.0 m). 


Silty 204; sandy 404, very poorly 5.8 Share) 
sorted, quartz 502, lignite 
20%, other minerals 304, 
subangular to subrounded; 
gravelly 40%, very poorly 
sorted, maximum size 14 cm, 
mode 1 cm, sub-rounded, 
frequently coated with a 
fine-grained, non-calcareous 
precipitate; unit is massive 
and dark in colour; it becomes 
very dusty (coal dust) when 
dried; coal grains are angular 
to subangular and rarely exceed 
1 cm in diameter. The till 
described here in unlike any 
other exposure of till found 
along Great Bear River 
(WS-73-23b @ various levels). 
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Thickness 


COAL: Fissured; maximum diameter of 
a) peds 2 cm, mode 1 cm; sand and 
silt content up to 30%, mode 
10% to 20%; abundant plant 
fossils; amber crystals common 
up to 0.1 cm in diameter; white 
siltstone bands common, up to 5 
em thick and extending 3 m 
laterally (WS-73-23c, at 


various levels). 


SILTSTONE: Very pale brown (10YR 8/4) wea- 
4 thered; sand 26% (74% passed 
#200 sieve); soft; non- 
calcareous; highly fissured, 
commonly breaks in egg-shaped 
peds; well oxidized along fis- 
sures; anastomosing bedding 6 
cm to 23 cm thick (WS-73-23d @ 


various levels). 


Laboratory 


analysis indicated high 
plasticity silt classification 
(MH) and high montmorillonite 
content (this clay mineral 
comprised almost 1004 of 

material passing, the #200 
sieve). 


COVERED: 
5 


RIVER LEVEL 


(metres) 


2259 


td 


8.84 


Depth of base 
(metres) 


12.49 


16259 


25.43 


ine Sulys2bigs 


GB 31 For the purpose of correlation with the same strati- 
graphic location as the top of unit 4 section 
difference in elevation to river level is now 15 m (km 


Ma AD 


L) . 


GB 30, the 
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Thickness Depth of base 
(metres) (metres) 


GB 32 


COVERED: 


SAND: 


CLAY: 


dig SU ine 


July 26/73 


Excellent exposure of Pleistocene and Tertiary deposits 
Opposite the Brackett River confluence. The upper part 
shows localized bimodal flow development. The lower 
portion is protected from large scale river erosion by 
the accumulation of colluvium in the river course. 
Permafrost is suspected at between 2 m and 3 m below the 
face. Significant ground ice is likely only in the 
Plerstocenesclaypandetilteikmel0.3, LL); 


30 3.0 


Silty 10% to 204; medium to fine A Og 707 
grained, medium mode; subangu- 

lar; moderately to well sorted; 

80% quartz, 20% dark minerals 

and lignite, noticeably low in 

feldspar; no inclusions observ- 

ed; minor cross-bedding, other- 

wise bedding indistinct; lower 

COoncacterss covered: puters infter— 

red-with an accuracy of 1m. 


Srltye202=to 304; 9tirm, consis— 3.0 10507 
tency undisturbed; medium dry 

strength; medium plasticity; 

fissured; substantial ground 

ice is suspected; many bimodal 


flow scars appear around the 
Diurs: 


Bracka\o me) 2)etrcon, aSLiLLy 10.07 20214 
texture; hard consistency 

undisturbed; low dry strength; 

low plasticity; inclusions 10% 

to 20%, maximum size 96 cm, 

mode 0.8 cm, boulders and 

cobbles 1%; well developed 

fissures; (WS-73-25a @ 5.0 m). 
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SANDSTONE : 
5 


CONGLOMERATE : 
6 


SILTSTONE: 
ys 


CONGLOMERATE : 
8 


Very poorly indurated; easily 
broken down by sampling or rub- 
bing between fingers; medium 
grained; subangular; very well 
sorted; quartz 504, dark miner- 
als 504, no feldspar observed; 
stratified, beds range from 3 
cm to 20 cm, bedding controlled 
by sorting of dark minerals; no 
permafrost observed; upper con- 
tactewithetii sis sundulatory 
(WS-73-25b @ various levels). 


Poorly indurated; easily broken 
down with a shovel and can be 
broken down by rubbing between 
fingers; maximum inclusion size 
Zimemwamodess ema to 2iecm, sub> 
rounded and subangular; predom- 
inantly dark siliceous igneous 
rocks; gravel sizes 60% to 704 
Sandectzesms .mCOs+0, ms trats— 
fied, bedding controlled by 
beds of sandstone (as above 
UnasteoNe UD stole meth ick 
(WS-73-25d @ 11 m). 


Light grey (10YR 7/1) weathered; 
slightly sandy 10%; loose; non- 
calcareous; fissured; breaks 
down very easily when wet; sand 
is 50% quartz, 504 dark miner- 
als, subrounded; fissured struc- 
ture; no permafrost observed 
(WS-73-25e @ 4.0 m). 


As above unit 6; very irregular 
thickness, never exceeding 0.6 m 
and sometimes pinching out 
completely. 


Thickness 
(metres) 


Te3 


13375 


6.0 


0.6 


Depth of base 
(metres) 


21.44 


sys 89 


41.19 


41.79 
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Thickness Depth of base 


(metres ) (metres) 
SANDSTONE: Lignt#olive brown® (265 "Y 5/6) 9.32 5)e11 
9 fresh and weathered; poorly 
indurated; easily broken down 
by sampling or rubbing between 
fingers; medium and fine 
grained; subangular to sub- 
rounded; very well sorted; 
quartz 502, dark minerals 50%, 
no feldspar observed; massive 
but well cross-bedded; vertical 
joints spaced at between 0.5 m 
and 1.0 m throughout (WS-73-25f 
@ various levels). 
RIVER LEVEL 
GB 33 Observed coarse alluvial deposits overlying Tertiary 
~ sandstone. Contact approximately 6 m above river level 
(kms 40 WL). 
July 326/735 end July a5 
GB 34 Very similar to GB 30. Pleistocene sand over tertiary 
bedrock. Failure of one or more units beneath the sand 
is hidden by colluvium. Tertiary bedrock is almost 
totally covered with colluvium but its top can be picked 
at a prominent break in slope with an estimated accuracy 
OfAS, meCkmeoas, Lz 
COVERED: Organic sand immediately above Ons Os3 
1 exposure. 
SAND : Clean; fine grained; subangular 20 20.630 
2 and angular; very well sorted; 


quartz 754, lignite 104%, dark 
minerals and feldspar 54; lig- 
nite usually occurs in beds 2 
cm to 3 cm thick; bedding con- 
trol is by lignite beds, low 
angle cross-beds common; perma- 
frost estimated at between 2 m 
and 3 m below the face (AR-73-8 
@ various levels; C14 sample 
HH-WS-7527-1 sampled July 1, 
1975-@.5.0 m)% 
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Thickness Depth of base 


(metres) (metres ) 
COVERED : The base of this covered interval 18 38.30 
3 is a prominent break in slope. 
This 1s assumed to be a contact 
of clay overlying till as des- 
cribed in GB 32. 
COVERED: This interval is assumed to be 7 45.30 
4 Tertiary bedrock probably the 
basal sandstone mentioned in GB 
32. This sandstone unit is ob- 
served across the river in GB 
35 
RIVER LEVEL 
July 26/73 
GB 35 Section on the north side of the Great Bear facing GB 34. 
Approximately 10 m of section are visible; 2 m of till 
overlying 6 m of sandstone and siltstone to a well deve- 
loped boulder pavement which extends for a further 2 m to 
miver level (km 6.6, R). 
2 Tul y 126775 
GB 36 A long exposure of Pleistocene deposits over Tertiary 
bedrock. The following observations were made from a 
boat in the river. One or more recessive units (probably 
sand over clay) occupy the top of the section and are 
largely hidden from view, their thickness is estimated at 
igen amit dens ethertmrsteresisctant unit. siteunder bies 
the recessive units, and is estimated at 6 m thick. 
Bedrock is approximately 20 m thick and extends to river 
level. The recessive units show signs of recent bimodal 
BlLOwmeACtLVa ty Vim 65 ala) s 
July 26/73 
GB 37 A Pleistocene and Tertiary section on the left bank of 


the Great Bear immediately off the west end of the Fort 

Norman air strip. The following observations were made 

from a boat in the river. The Pleistocene deposits con- 
sist of 6 m of sand over 7 mof till. Tertiary bedrock 

consists of 20 m of sandstone with beds of conglomerate. 
All units appear stable (km 0.4, L). 
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GB 38 


TOP SUNLT 


COVERED : 
1 


SILTSTONE: 
2 


Thickness Depth of base 
(metres) (metres) 


qulye22 773 


This section is measured in Cretaceous bedrock on the 
north side of Great Bear River about mid-point in the St. 
Charles Rapids. A similar exposure on the opposite side 
of the river was inspected from a helicopter. 


These rocks are placed in the Cretaceous Little Bear For- 
mation. Upstream approximately two kilometres random 
exposures of a black very fissile shale, probably the 
Cretaceous East Fork Formation, were observed. No 
definite contact could be found between the East Fork and 
Little Bear Formations. Downstream approximately two 
kilometres there is evidence in stream cuts and along the 
river bank of still another shale. No good exposures of 
this shale were found. 


The strata in the measured section dip 5° to 73° 
azimuth. At least two joint sets are visible. The 
averages of these joint sets give strikes of 122° and 
203°, both with vertical dips. The range was as much as 
20° from these averages. 


(Measuring down in the section) 


The section can be divided into units of similar thick- 
ness. The top unit is a siltstone while the bottom unit 


is dominantly siltstone with interbeds of arenaceous 
shialereckmi5 746, Rew? 


Mostly peat and organic material. O-2 O05 


Very pale brown (10YR 7/4) wea- 12a LZ 
thered, pale yellow (5Y 7/3) 

fresh; moderately well cemented, 

grains may be rubbed off with 

fingers, but the rock can only 
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SILTSTONE: 
3 


Sy IIL, TES) MONI, 
i 


BOTTOM UNIT 
S ILTS TONE 


& SHALE 
3 


COVERED : 
6 


RIVER LEVEL 


Thickness 


(metres) 


be broken with a hammer; non- 
calcareous; cement is often 
oxidized; fine sand represents 
about 304 of the rock; bedding 
resembles a thin brickwork, it 
is thinly bedded and broken; 
cross-bedding is present and 
ripple marks common on bedding 
planes; the dominant mineral is 
quartz with feldspar and car- 
bonaceous content 54; iron-rich 
blotches on bedding planes are 
common. 


As above unit 2. Arecaceous, 10 
fissile shale interbeds up to 2 

cm thick. Siltstone bedding 

planes show frequent but random 


“ron stain. 


ASsrabove: unite. tat fee) 


Siltstone as above unit 2; fine 8.68 
sand content 10% to 20%; shale 
partings 0.1 cm thick run through 
siltstone beds; the shale is 

very arenaceous, fissile, and 
friable; beds vary in thickness 
from 1 cm to 2 cm; increasing 
Nears pase CoO=> cm? COvon cm 

thick; ironstone concretions 

are present in both the 

siltstone and shale beds; minor 
evidence of ripple marks on the 
siltstone bedding planes; minor 
burrowing in the siltstone; 

shale content increases with 
depth from 30% to 50%. 


Estimated river surface el. 97.7 m. 


Depth of base 
(metres) 


13/6 


De lee 38) 


30253 


Sole 
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GB 39 


Thickness Depth of base 


(metres) (metres) 


Aug. 30/72 


G.E. Crippen & Associates Ltd. test hole B14 (65°01'N, 
PAC 25) Woe 


Colileieeal exe Gill, Dwar ane 


Grey; sandy 504, fine to coarse eres) 15305 
sand with boulder chips (origin- 
allyeca led <CLAY): 


Sandy, fine to coarse, subangular; 3.36 Leno 
25% rock chips; clayey 104 
(originally called SAND). 


Glayeve254. 0CKecni pss boulders —40255 59.46 


_ likely every 60 cm to 90 cm 


where drill slowed down and 
vibrated (originally called 
CLAVE litle) 2 


Exposure of Pleistocene sediments over Tertiary bedrock. 
A normal fault present in bedrock. Orientation of fault 
plane is obscured by colluvium. Southwest side is down; 
bentonitic siltstone (see Unit 5, GB 30) in the hanging 
wall, against siltstone and sandstone (see Units 7 and 9, 
GB 32) in the footwall. This supports the correlation 
established in GB 30 and GB 31 above the Brackett River 
confluence (km 0, beach level along Mackenzie River at 
the northwest end of Fort Norman). 


Sept. 5/71 
G.E. Crippen & Associates Ltd. test hole number M20 
(65202) Nyeulid 23 SW): 
Golsared.a tese]-.9013 Seem. 
Encountered silt, sand, gravel, 32500 32.00 


cobbles and boulders; boulders 
granitic, well rounded; silty 


material between 3.36 m and 
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GB 42 


GRAVEL: 


SAND: 


Thickness Depth of base 
(metres ) (metres ) 
5.80 m; hole logged from wash 

water; began losing circu- 

Paevouwea tes 0.0mm. 

Estimated distance from the bottom 7.30 39.30 

of this hole to river level. 

aoa a) Teens Peery S/o 4 


G.E. Crippen & Associates Ltd. test hole M20 (65°02'N, 
124°38'W). 


Gollaredsa tell 2S20 m- 


Yellow-brown; very fine. 2.44 2.44 

Sandy; many boulders, rounded. 5.80 8.24 

Grey; clayey, 504 passed the 34.45 42.69 

#200 sieve. Estimated river 

level is at 29.46 m in this 

interval (36.59 m below collar). 

Sandy. hs Ae) 54.89 
e* SS me yg ae 


Gebeu Crippen 4 Associates) ltdes test hole M2 (65-03 °N, 
L247 50 Woe 


Collared at el. 147.8 m. 


Gravelly; poorly sorted; ocas- 4.88 4.88 
sional rounded boulders on sur- 

face, maximum size 60 cm diameter. 

Medium to coarse; some gravel and 8.84 Shs TP 


fines; sloughing in hole. 
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GB 44 


RIVER WATER: 
1 


BOULDERS: 


GB 45 


SAND : 


GRAVEL: 


Thickness 


(metres ) 


G.E. Crippen & Associates Ltd. test hole 


Water surface at el. 84.80 m. Ore S 
Granitic composition. OFS 
Few boulders; no finer material 8.53 
recovered. 

Few granitic boulders; no fines, ropa o) 


fines possibly washed away by 
drill water. 


Grey; fine sand particles in Je 
drill water and a small’ amount 
im core barrel. 


Pemcan Services test hole 2, site number 
1252260N) 


Darke boown el Ltt lest it eer brous; Oxo! 
ground ice described as Vx, 104 

to 504 by volume. 

Grey; little silt; fine grained; 3.66 
poorly graded; ground ice des- 

cribed as Vx and Vs; bottom 

0.61 m contains some gravel, 

ground ice described as Vx, 104% 

to 504 by volume. 

Brown, sandy; tracePori salt: Leow 
poorly graded; pebbles 2.5 cm 

to 4 cm, subangular to subroun- 

ded, occasional cobbles, mainly 
limestones and quartzites; 

ground ice described as Vx, 104 

to 504 by volume. 


Feb. 


Aug. 


Depth of base 


(metres) 


20/71 


R20 51.9 iL). 


13.48 


13248 


ih paras) 


1/93 Ge 


EN US) (642572 NG 


5.49 
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GB 46 


TORSOIU: 
1 


SAND: 


Thickness Depth of base 
(metres) (metres) 


Febmez/73 


Pemcan Services test hole 1, site number FN30C (64°5'N, 
125 42 SOW). 


Dark sbrown gtomblack pelirttle tsi), Orie OF. 15 
organic and fibrous; ground ice 

described as Vx, 10% to 504 by 

volume. 


Grey ;mtracevofasiult:mfine grained; 5.34 5.49 
poorly graded; silt pockets 

common below 3.20 m; ground ice 

throughout, described as Vx, 

10% to 50% by volume. 


Pemcan Services test hole 3, site number FN 10 (km 5.9,L). 


Dark brown; organic; ground ice 0.46 0.46 
described at Vx, 10% to 504 by 

volume. 

Medium brown to grey; little sand; 2.59 3.05 


low plasticity; ground ice des- 
CribedndsaVS stor oS mmsreater 
than 50% by volume, below 1.68 m 
10% to 50% by volume; change in 
ice content correlates with 


increase in sand content at 
L369 am. 


Medium brown; some sand; little 0.92 3.97, 
silt; ground ice described as 
Vx, 10% to 504 by volume. 


Blue-grey; little sand; ground 0.92 4.89 
ice described as Vs, 104 to 502 
by volume. 


— 
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Thickness Depth of base 
(metres) (metres) 


December 12/72 


GB 48 R.M. Hardy & Associates Ltd. test hole 112 approximately 
mile 582, Mackenzie Highway (km 3.9 L). 


PEAT: Amorphous-granular peat contain- O73) Cees 
1 ing woody, fine fibres; ground 
ice described as Nbn. 


SAND: Brown; variable silt and clay 6.70 72.32 
2 content throughout (non- 
plastic); ground ice described 
assiNbny, tw, §13,63to, 54). 


CLAY: Grey yuliatchteplasita crty: eeround ice 0.31 Js2 
3 described as Vx, 104 to 502 by 
volume; WwW, 38%. 


Dec 12) 72a 
GB 49 R.M. Hardy & Associates Ltd. test hole 113 approximately 
mile 582, Mackenzie Highway (km 3.8 L). 


PEAT: Amorphous-granular peat contain- ORES) OatS 
ie ing woody, fine fibres; ground 
ice described as Nbe. 


SAND: Brown; very silty, becoming less 6 . 86 pa oyh 
2 silty with depth; fine grained; 
non-plastic except between 1.37 
m and 3.20 m were low plasti- 
city; ground ice described as 
Nbe to 1.18 m, Nbn thereafter; 


Wa 2o” raising to 33/4 ait base: 


CLAY: Greysenhiteh “pls tacutyaeground ace  .0.31 132 
3) described as Vx, 104 to 504 by 
volume; Ww, 24%. 
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Thickness Depth of base 


(metres) (metres) 
Dec 1272 
GB 50 R.M. Hardy & Associates Ltd. test hole 107 approximately 


mile 581, Mackenzie Highway (64°54'N, 125°32'W). 


PEAT: Amorphous~-granular peat; ground 0231 Ber sie 
1 ice described as Nbn. 
SLUT Sandy, organic; ground ice des- OreKe OF OZ 
2 eribed as /Nbn, Wi 66%. 
SAND: Brown; slishtly silty. fine 2.74 ST) 
3 grained; non-plastic; ground 
ice described as Nbn; Ww. near 
80% at top levelling off quick- 
Nesp Awiay WS 
mba ys Grey; clayey; medium plasticity; LOs7. 4.43 
4 ground ice described as Nbn; 
W, 254 (originally described 
asSecLAL) 
SLL Te Grey; clayey; medium plasticity; 2.90 Gee33 
5 ground ice described as Vx, 302 


by volume to 0.21 m, thereafter 
5% by volume (sample RMH B3). 


Dec. 127 jm fox 


GB 51 R.M. Hardy & Associates Ltd. test hole 122 approximately 
mile 579, Mackenzie Highway (64°54'N, 125°29'W). 


SAND: Brown; silty; fine grained, non- De Lo Sy e' 
l plastic; ground ice described 
ae Nbn, to 1.63 3m, chereatter Lt 
is described as Vx, ice content 
rises with depth from 1% to 604 
by volume; w. increases with 
depth from 8 to 742. 


CLAY: Grey; silty; high plasticity; 2.14 7eo2 
2 ground ice described as Vx, 
excess by volume 15% to 204; 
Wy 324 to 382. 
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Thickness Depth of base 


(metres) 


(metres) 


date not given 


GB 52 Pemcan Services test hole C32, site number FN8 (drilled 
DyaneMeelardvenmAcsoctatese td 04 55N, a105 220 We 
PEAT: Ground ice described at Nbn. OS62 0.62 
il 
SAND: Brown; very silty; clayey through eee Dele 
2 bottom 30 cm; fine grained; low 
plasticity; ground ice described 
as Nbn. 
CLAY: Brown to grey, becoming grey; eee 4.98 
3 silty and sandy, becoming less 
with depth; medium plasticity; 
sandy high plasticity at depth; 
ground ice described as Nbn. 
ne Dec. 12/72 
GB 53 Rew. Hardy & Associates Ltd. test hole Llidv@mileros2. 
Mackenzie Highway (km 3.1 L). 
PEAT: Amorphous-granular peat; ground Onl QEAD 
1 ice described as Nbn. 
SAND Brown. etracewoiess! teatatop, -in— aly 2259 
2 creasing slightly downward; non- 
plastic; ground i¢e’ described 
as Nbn; w, varies from 13% to 
26%. 
paid Me ge Brown; sandy; low plasticity; 1.o7 tho eke 
é| ground ice described as Nbn; 
Wy 28%. 
SAND : Brown; silty; non-plastic; ground 0.46 4.42 
4 ice described as Nbn; w, 28%. 
Sik leks Brown; sandy; low plasticity; Oe) iets) 
5 ground ice described as Nbn; 


Wy 24%. 
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GB 54 


SAND: 


GAY: 


Thickness Depth of base 
(metres) (metres) 
Grey; medium plasticity; ground Os Si 5.49 
ice described as Nbn; Wy 26%. 
Grey; silty; medium plasticity; 1583 6222 
ground ice described as Nbn. 
Dee. 12/72 


R.M. Hardy & Associates Ltd. test hole 111 mile 582, 
Mackenzie Highway (km 2.6, L). 


Brown, becoming grey with depth; 610 6.10 
silty, becoming clayey with 

depth; ground ice described as 

Nbn; w, 14% to 30%. 


Slachtly, silty: trace of sand; 


Dovsia a) Sys 
ground ice described as Nbn; 
Wn 254. 
Feb. 3/73 


R.M. Hardy & Associates Ltd. test hole 452 approximately 
mile 582, Mackenzie Highway (km 2.3 L). 


Dark brown; sandy; organic with LD 2 izoZ 
organic inclusions and peat in- 

clusions below 0.61 m; ground 

ice described as Nbn; w, 58% 

to 1007. 


lien te Drown stGwprey, (suuity:) tine 3.66 Byer Me} 
grained; non-plastic; ground 

ice described as Nbn; w, 

varies from 24% plus at the top 

to 29% with depth. 


Dark grey brown; slightly sandy; ORY 6.10 
medium plasticity; ground ice 


204 excess; Wy, increases from 
30% to 44% with depth. 
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GB 56 


TOPSOIL: 


GB 57 


SAND: 


SUL BES 


Thickness Depth of base 
(metres) (metres) 


date not given 


Pemcan Services test pit TPl site number FN-14. (All 


deposits in the test pits are assumed to be unfrozen 
Gkmie2igo) Le 


Blackemoncanicymroots. Ora Ome 

Light brown; some clay; moist. Ol? 0.24 

Low -lng silt wetanermerpained. pdry. 0.67 Oe al 
a? ee eee ea ee PN Pole es 75 


R.M. Hardy & Associates Ltd. test hole 465 approximately 
mile 538, Mackenzie Highway (km 1.2 R). 


Onganic. Ono Ore 


Brown; slightly clayey; low Le 22 iS 
Dias citys sor oundmce 

described as Nbn; w, varies 

from 38% to 254 with depth 

(originally described as) TILL). 


Grey; slightly silty (silt and 2.14 4.27 
clay sizes 74, sand sizes 932); 

fine grained; low plasticity to 

non-plastic; ground ice 

described as Nbn; w, 12% to 

26% (originally described as 

TLL) se 


Grey; sandy; pebbles to 0.6 cm; 
low plasticity; ground ice 
described: as Nbnj ws seto 

26% (originally described as 
TILL). 


329 


sand 2o 4 Ke gunits ite 
(ee adom? (gut emt) 


an 


er TE 
jth -~4 Hina iad 419 $e) oe iV 708 me ep 
ax»yge Tine | ie. eke i Bolt 74S] : 7 el eany eb 
ts #8 at) 
' . - - — om — Di 
eh ep ee (an4 SL aeg , > aid . yoedOr 
I 
: : xin prwoe! Tye ‘Tilé. i; 
t 
c « 2 8 _ ( wy Th CAs - -_ 
oo 
—— t - a 
vis “oO 1si¢ ed | ee3etocye a ¢ xy eh M # ce 20 P 
avig tt. aisneseah ,3i2 ala a 


as ie 0 yinagpy ‘Tite 


rey : 51 eae te wigteti® [mwoxe Tare 
>t paurry «X74 Dhl ORNS ae 

celica pe Lege ee bedi toe90 : 

Jcage coin Sth 09 ZOE mows 

busdiT ch aetiagese 2} isnigh 362 


> att wea oflny ithe qtanette eae 
‘Tre? #aSct bape J* esate ceul> 
of eaisiseat, ve: torts 
43: hawowe yal een 

sn cht ee 
ac Vadivoseh iliamigtmead, 


SAND: 


GB 58 


VIL Es 


TILE: 


CBg 


Thickness Depth of base 


(metres) (metres) 
OF 6 6.10 
Grey; slightly silty (silt and 
clay sizes 11%, sand sizes 892); 
fine grained; non-plastic; 
ground ice described as Nbn; 
WeezOs) tomo La (Orreinal ly 
described Gase1ILL)* 
Febveo/ Ja 


R.M. Hardy & Associates Ltd. test hole 461 approximately 
mile 583, Mackenzie Highway (km 1.4 R). 


OF iD Oss) 


Brown; clayey; low to medium OAs) Orem 
plasticity; ground ice 

described as Nbe to 0.31 m, 

unfrozen thereafter; Weeat 

top of unfrozen zone 284. 


Brown; becoming silty at 0.92 m, 3.28 4.19 
then clayey at 2.42 m; pebbles 

upeeco la25acmiin the isa | ty 

zone; generally non-plastic but 

exhibits low plasticity in 

clayey zone; unfrozen to top of 

silty zone, thereafter ground 

ice defined as Nbn; W, 10% 

and 204. 


Grey; sandy; pebbles to 0.75 cm; 4259 Garou, 
fine grained; non-plastic; rust 

specks below 2.74 m; ground 

ice described as Nbn; w, 18% 

to 2424. 


 (Fepeeigg ais 76 


R.M. Hardy & Associates Ltd. test hole 522 approximately 
mile 583, Mackenzie Highway (km 1.3, R). 
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PEAT: 


CLAY: 


TILL: 


CLAY SHALE: 


4 


Predominantly amorphous-granular, 


containing fine woody fibres, 
held in a woody, course-fibrous 


framework; ground ice described 


as Vx with an excess of up to 
654 =inethe etope0's3 lm, e@and avr 
with an excess of 54; w, 402 
to 100% plus; the bulk unit 
weight is 7.43 kN/m3 (47.3 
pef), the dry unit weight 
15 BERN/ mom Cl es apc te 


Dark brown; sandy; becoming 
slightly silty below 1.98 m; 
high plasticity; ground ice 
described as Vretoel:-07 m; Nbn 
thereafter; excess ice ranges 
frome49% .to 59/4010 Vr zone; 

Ww, drops from a high of 664 
near the top to 104 at the 
bottom, ‘overall it is variable; 


the bulk unit weights vary from 


13.35 kN/m3 (78.6 pef) to 

16.90 kN/m3 (107.5 pef), the 
dry unit weights vary from 8.16 
KN/m3 (51.9 pef) to 12.21 

kN/m3 (77.7 pef). Estimated 
Giver level 5.0%: 


Brown; sandy (silt and clay 
sizes 9%, sand sizes 414, gra- 
vel sizes 504); non-plastic; 
ground ice described as Nf; 

Ww, generally 8% increasing 
slightly near the bottom 
(originally described as 
GRAVEL). 


Grey; arenaceous; rust specks; 
ground ice described as Nbn; 


We Le 


0.46 


Jc 


5 


Thickness 
(metres) 


~42 


.64 


357 


Depth of base 
(metres) 


0.46 
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SANDSTONE: 
5 


CLAY SHALE: 


6 


SANDSTONE: 
7 


GREY SHALE: 


8 


GB 60 


Lie CCL): 
l 


Thickness Depth of base 
(metres) (metres ) 
Grey; poorly indurated; non- 1322.0 OA fa UP 
plastic; trace of argillaceous 
material below 6.10 m (silt and 
clay sizes 27%, sand sizes 732) 
low plasticity; ground ice 
described as Nbn; WO Zt 
26%. 
Grey; arenaceous; high’ plasticity; 0.61 wag Lest S| 
ground ice described as Nbn; 
Whe San 
Grey; trace of argillaceous eat 28.95 
material; poorly indurated; low 
plasticity; ground ice 
described as Nbn; w 
decreases from 224 to 18% with 
depth. 
Grey; arenaceous; high plasticity; 2.74 31509 
ground ice described as Nbn; w 
decreases from 18% to 15% with 
depth. 
Sept.) 12/74 


G.E. Crippen & Associates Ltd. test hole M14, 4.88 km 
(16,000 feet) east northeast of the confluence of the 


Porcupine River and the Great Bear River 


shownsin@rigsem2.2 anda). 
collared=acCvell. 1/6 .m- 
Clayey; generally sand, gravel 62.5 


and boulders in a silty clay 


matrix; W, 17% (sample GEC 43 
@ 3.66 m, sample GEC @ 54.9 m). 


Estimated river level at 25.9 m 
inithis*hole. 


(outside of area 
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BOULDERS: 


1 


Thickness Depth of base 
(metres ) (metres ) 
Aug. Sli 71 


G.E. Crippen & Associates Ltd. test hole M18, 3.05 km 
(10,000 feet) west northwest of the confluence of Rosalie 
Creek and Great Bear River (outside of area shown in 
Pics «2eceandsees)™ 


Collared ea teuclicl Ge lames 


Contains about 254 brown clay; spas Jae} 
sand, medium, subangular 

(originally described as 

GRAVELLY CLAY). 


Pea gravel with medium to fine 6 10 9.45 
sand. Very few fines. 


Clay matrix; some sand; gravel, IEESS OF | Bote 
few boulders. River level is 
estimated at 3.08 m beneath the 
top of this unit (originally 
described as GRAVELLY CLAY). 
Few fines. DLS 88770 
Clay matrix; some sand and 23579 62.49 
gravel (originally described as 
CLAY). 

rar re oe 


G.E. Crippen & Associates Ltd. test hole R11 (km 10.4 R, 
at Brackett River confluence). 


Gollared ba tecleO.ln ue ie 


Estimated river level at 1.20 m id, “47 
OLetiLis sun wut. 
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Thickness Depth of base 


(metres) (metres ) 
SILTSTONE Salt and pepper colour; very 3750 BeOy, 
and SHALE: fine grained; argillaceous 
2 matrix; often soft; generally 
oxidized; 0.75 cm laminations; 
COpe™ recovered sins oon Cm) LO 4/2) 
cm lengths (originally 
described as SANDSTONE). 
SILTS TONE Brown; sandy; weathered; core Opel) he Poy 
and SHALE: recovered in 7.5 cm lengths 
3 (originally described as SILT- 
STONE). 
SILTS TONE Grey; argillaceous; 0.35 cm 22 WA 10. 36 
and SHALE: tabularecoalmlenses= lAnot 
4 total unit; rock generally 
Wealgmc OLemue coy er yeine0. 31 aim 
lengths, machine breaks; no 
visible alteration (originally 
described as ARGILLACEOUS 
SILTSTONE). 
= aa Sept. 26/71 ve 
GBu63 GREOEGrippen sa vAssociates: Ltd test hole R21 (km 10-6, R): 
SAND: Brown; medium to course; very Arey A257 
i little fine material; poorly 
graded. 
CLAY; Grey; silty; no sand or gravel; Loe 6n09 
2 very firm; no ice observed in 
core: good core =necovery. 
gen Grins Sandy; subangular boulders, eee 10.66 
3 very few fines (originally 
described as GRAVEL). 
SANDSTONE : Grey; fine; no recovery except Joe 1s228 
4 for return in wash water 


(originally described as SILTY 
SAND). 
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CONGLOMERATE : 


5 


CONGLOMERATE 
6 


SAND: 


(GIMANER 


TIL, 6 


GB 65 


RIVER WATER: 
1 


Thickness 
(metres) 


Grey; sandy, approximately 4% Oech 
is 1.25 cm well rounded gravel 


(originally described as GRAVELLY 
CLAY) 


Well rounded; igneous rocks 3305 
(originally described as SANDY 

GRAVEL). 

Estimated distance from bottom 19.56 


of hole to river level. 


G.E. Crippen & Associates Ltd. 


Coklared tate! sel02.4 m. 


Grey; more than 50% passed a 
#200 sieve; gravel, subangular 
Corigtnally described as SILTY 

OLAYEY ST LLL). 


Grey; till-like; more than 804 
passed #200 sieve; clay becomes 
very firm after thawing and 
drying; ice lenses in core 
(originally described as CLAYEY 
Siete 


P20 


Grey cobbles upiito 10 cm, angular 3.36 
to subangular; approximately 

50% passed #200 sieve. Average 
core recovery for hole 624. 
Estimated distance from bottom of 21.07 
the hole to river level. 


Sept. 


Depth of base 
(metres ) 


Wess) 


21.64 


test hole R22etkm 12925.) 


16047 


40.90 


24/71 


G.E. Crippen & Associates Ltd. test hole R20 (km 12.25,R). 


Surface el. 59.89 m. 1.50 
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BOULDERS: 
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SANDSTONE : 
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Thickness Depth of base 
(metres) (metres) 
Sandy gravel mixed with boulders; 4.40 5290 
no recovery. 
Grey; medium; (originally des- 7290 13230 
cribed as SAND). 
April 8/72 


GB 66 


SlEES LONE 
and SHALE: 
3) 


GB 67 


Gere iCrippensésAssociates Lid: test Hole R206 (km 5.5, R)- 


Colgiarnediaa tac lean o Or osm 


Brown; fine to coarse; frozen; 3805 3n05 

wet. 

Grey; frozen wet: LS 2 Weare 
PENS 18.90 

Grey; sandy, small percentage LoS 30.48 

of gravel (originally described 

asm lel) 

Light grey; poorly indurated; 17.68 48.16 

breaks down when soaked; very 

sandy; indication of vertical 

jointing (Estimate local river 

Jevel at 11 .225m) 

a Peas aise a April 8/72 | 


GtEs Crippen, & Associates iLtd. test hole R207 (kmi5s5,0R), 


GCollaredsat- eles 91 Mm, 


Brown; fine to medium; frozen. 30 


Sandy; maximum gravel size O..6 L 
Tes Zach 
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SHALE : 
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Thickness Depth of base 


(metres) 


Frozen; wet when thawed. Wie O E 


SLL Ce Us S anges oes eTavellc 5, + Bu, 


> 
maximum gravel size 2.54 cm, 


angular; low moisture content 
(originally described as SILT). 


Soft; sandstone interbeds near 7262 
bottom (Estimated local river 


level at 6.65 m, 34.74 m below 
collar)e 


G.E. Crippen & Associates Ltd. test hole 
river course). 


SILTSTONE 
ands OHALEN 
5 


Tcessurtace el)56.6 m. Estima- 152. 
sede water ssurfaceme lesb 6...30m. 


0.20 
Silty, some gravel. 1.20 
Grey. 0.90 
Light grey with some greenish GLO) 


grey layers up to 0.64 cm 
thick; latter are higher in 
clay content; a few 0.64 cm 
layers of silty sandstone 
orthogonal to core axis; cement 
breaks down when soaked in 
water (originally described as 
SILTSTONE). 


(metres) 


Ty 8 


IMSS ONS 


BOr), 


April 8/72 


R206 (km 5-75 
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Thickness Depth of base 


(metres) (metres) 
re ce 
April 9/72 
GB 69 G.E. Crippen & Associates Ltd. test hole R209 (km 5.6 
river course). 
LCE ice ssurftace ¢15955.5.m Esti— 192 Loe 
1 mated water surface el. 58.1 m. 
WATER: OTD 2 ee 
2 
GRAVEL: Few cobbles and boulders. 0.30 Lee 
S 
Suir: Sandy; occasional boulders. 5.80 Gr. 32 
4 
SILTSTONE Dark with layers of. light, 24/0 11.02 
and SHALE: Soft firs wllt yeinia tema baGoriein-— 
5 ally described as SHALE). 
SILTSTONE Light grey with some greenish 13730 29 732 
and SHALE: grey layers up to 0.64 m thick; 
6 latter are higher in clay 
content; generally soft; may be 
broken down by hand; random 
sibtestonewimterbedss a 0.31 m 
bed of calcareous sandstone 
near bottom; all disintegrate 
when soaked in water except 
calcareous sandstone; some 
evidence of jointing; maximum 
core length 17.8 cm with 304 
lesauthan Zoo cmeCorieinagliy 
described as SILTY SANDSTONE). 
e 
Apra lg 0/72 
GB 70 GUE .&Crippens& Associates tLtdx, stest hole; R210 (kno ae) 
Collared atsel  9ill ame 
SILT: Grey; sandy; frozen. 1.84 1.84 
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Thickness Depth of base 
(metres) (metres) 
SAND: Fine to coarse; some subangular 4.30 Gay 
2 gravel; ice lenses. 
CLAY: Frozen; ice lenses (originally 9.10 Veja 74h 
3 déseribed as#SILTys 
sie ire Occasional boulder; angular; loss 7=60 22.84 
4 of drill mud reported (originally 
described ‘as ‘SILT, SAND’ and “GRAVEL) 
SILTSTONE Soft; coring impossible (Estimated 21.40 44.24 
AND SHALE: tiver level) at 1322)m (originally 
5 described as SHALE) 
SILTSTONE Dark grey; fine grained; very 4.50 48.74 
AND SHALE: soft, may be broken by hand; dis- 
6 integrates when soaked; core re- 
covered in lengths’ to about 2.5 
cm; drill mud loss reported 
Conigina lly described sas SLLUTY 
SANDSTONE ) 
Apriis 5/72 
GB 71 G.E. Crippen & Associates Ltd. test hole R201 (km 10.5, 
river course). 
ICE: Weessurface el. 62.65mi— Escima— Los pleats) 
i tedMwater¥surlace ver. 462.3 >m: 
WATER: 2270 49 
2 
GRAVEL: Sandy; some silt and a few 2.14 Qa fs 
5 boulders. 
SILTSTONE Slaghtly arenaceous #*sture, core Loe sS 23.48 
and SHALE: could not be recovered 
4 (originally described as SILT). 
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SILTSTONE 


and SHALE: 


5 


GB 72 


SILTSTONE 


and SHALE: 


Hh 


SILTSTONE 


and SHALE: 


5 


Thickness 
(metres) 


Depth of base 
(metres) 


Light grey with some greenish 6.09 
grey layers up to 0.64 m thick; 

latter are higher in clay 

eontent; silty; brittle but may 

be easily broken down by hand; 
disintegrates when soaked in 

water; longest piece of core 

recovered 15 cm, 50% less than 

5 cm (originally described as 

SELTY SHALE): 


Aes) 


Apral oy m2 


GriorGrappen «Associates Ltd. test’ hole R202 (km 10.2, 
Eiverwecourse). 


Ice) surtace .cls 8622 2ims) Estima— eos Loos 
fedewater surtace, el. 61.9 m. 


2230 eS} 
Sandy with small percentage silt Be TAG) 6.383 
and boulder sizes. 
Grey sli ehtiv, arenaceous. ystatt.. (14.60 2 ayers 
core could not be recovered 
(originally described as SILT). 
Light grey with some greenish 26.60 48.03 


grey layers up to 0.64 cm 
thick; latterwareshigherain 
clay content; soft and easily 
broken in hand; disintegrate 
when soaked in water; longest 
piece of core recovered 15 cm; 
indileations OL vert rcalmjoinis 
(originally described as SILTY 
SHALE ) . 
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GB 73 


SAND over 
CLAY (undif- 
ferentiated) 


JR aN by 


SILTSTONE 
and SHALE: 
3 


GB 74 


Thickness Depth of base 
(metres) (metres) 
Apri 3) 7/2 


G.E. Crippen & Associates Ltd. test hole R203 (km 10.6,R). 


Collared at el. 108.6 mm: 
Stiff; low moisture content 
(originally described as SILT). 


Small percentage of sand and 
gravel, subangular (originally 
described as SILT). 


Light grey with some carbonaceous 
seams; very soft and may be bro- 
ken by hand; disintegrates when 
soaked in water; longest piece 

of core recovered 15 cm, 90% 
longer than 2.5 cm. 


Estimated distance from bottom of 
hole to river level. 


G.E. Crippen & Associates Ltd. te 


GolWarediatyelsrl ligt ms 
Brown; fine to medium grained; 
moist. 


Clean; moist (originally 
described as SILT). 


Sandy; small percentage sub- 
angular gravel (originally 
described as SILT). 
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R204 (km 10.6,R). 
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SILTSTONE 


and SHALE: 


4 


GB 75 


Sie 


SILTSTONE 


and SHALE: 


Zz 


Thickness Depth of base 


(metres) (metres) 
Drilling indications were that BE.60 23.48 
the rock was soft and became 
harder with depth (originally 
described as SHALE). 
Aprave ja 2 


G.E. Crippen & Associates Ltd. test hole R205 (km 9.9, R). 


Collaredtatvel) 7/9. 37m: 


Grey; sandy; frozen, wet when 20 RA2 ZORA? 
thawed; below 18.29 m drier and 

firmer; few ice lenses (Esti- 

mate river level at 19.82 m). 


Greenish grey; contains few SZe92 Sees ts 
0.64 cm carbonaceous seams 

and few sandy seams; very soft 

and easily broken by hand; dis- 

integrates when soaked in 

water; core lengths all less 

than 5 cm (originally described 

assSI Gre 
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APPENDIX B 


DETAILED TEST HOLE LOGS FROM THE 
FIELD INSTRUMENTATION SITE 


Bel Explanation of Terms and Symbols used on Test Hole Logs 
General information, indicating test hole number, date 


started, date finished, surface elevation and sheet number of the 
overall log, is given along the bottom of each form. 

Two types of forms are used: A detailed log for intervals 
where test holes were advanced by continuous sampling; and a 
simplified log for intervals where test holes were advanced by 
conventional rotary drilling. 

The detailed log is presented in columnar form. Sheet 1 for 
test hole GBl is an example of this format. A description of each 
column used is given below: 


Columns 1 - Depth scale giving increasing depth of drillhole 
and 6 below the existing ground surface. 
Column 2 - Unified Classification indicating the abbreviated 


material classification in accordance with the Unified 
Soil Classification System. 

- The interface between diffierent soil strata is shown 
as a single continuous line. A change in sampling 
technique from continuous sampling to grab sampling or 
vice versa is shown as a single dashed line. 


Column 3. - Graphic soil log shows soil strata in accordance with 
symbols in Table B.1. 


Column 4 - Soil description provides the engineering description 
of each soil stratum. 
- Colour codes refer to Munsell Soil Colour Charts. 
- Permafrost facies are described in Section A.3. 
- The interface between soil strata and changes in 
sampling technique from continuous sampling to grab 
sampling are shown as a single continuous line. 


Column 5 - National Research Council of Canada classification of 
ground ice following Pihlainen and Johnston (1963). 
The volume of ground ice is estamated visually and 
expressed as a percentage of the total volume of soil 
Bndaice. 

- The location and approximate orientation of ice 
structures greater than 2.5 cm thick is shown as black 
shading. Orientations of planar ice structures 
relative to the core axis (CA) are given. 
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10 


The interface between different soil strata is shown as 
a single continuous line. A change in sampling 
technique from continuous sampling to grab sampling or 
vice versa is shown as a single dashed line. 


The results of laboratory determinations of moisture 
content, Atterberg limits and bulk density are plotted 
at sampling depths. Moisture content data are 
expressed as a percentage of dry weight. 


The length of core recovered is expressed as a 
percentage of total length attempted. 

The depth at the top and bottom of each core run is 
shown as a solid continuous line. 


The condition of each core or segment of core is 
designated by one of the following symbols extending 
over the appropriate depth interval: 


Mud temperatures applicable to 'PQ' wire line sampling 
and conventional-mud rotary drilling are shown at the 
drilling depths where measurements were taken. In all 


cases measurements were taken by immersing a pocket 
thermometer in the mud pit. 


Additional pertinent information such as in situ 
drilling conditions, drilling and sampling criteria, 
date and time are noted in this column. 


The simplified log is also presented in columnar form. Sheet 


1 for test hole GB1A is an example of this format. A graphic soil 
log shows soil strata in accordance with symbols in Table B.1l. A 


depth scale showing increasing depth of drillhole below the existing 


ground surface is given on the right side of the graphic soil log. 

The soil description determined largely from grab samples, and other 
pertinent information such as in situ drilling conditions, drilling 
and sampling criteria, date and time are given on the right side of 


the depth scale. The interface between different soil strata is 
shown as a single continuous line. 
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TABLE B.1 GRAPHIC SOIL SYMBOLS USED ON TEST HOLE LOGS 


UNIFIED SOIL GRAPHIC TYPICAL MATERIALS 
CLASSIFICATION 


Well graded gravels, and gravel=sand 
-‘| mixtures, little or no fines. 


ee Poorly graded gravels, and gravel-sand 
‘| mixtures, little, or no’ fines. 


Well graded sands, gravelly sands, 
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"| Poorly graded sands, little or no fines 


oilty sands, sand-silt mixtures. 
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Clayey sands, sand-(silt) clay mixtures 


Inorganic silts and very fine sands, 
rock flour, siity sands of slight 
plasticity. 


Inorganic silts, micaceous or diatomac- 
CQUS Ss Lines saldy wom Ssiltyesoaier 


Inorganverclaysvor Low hplasticucy. 
gravelly sandy, or silty clays, lean 
clays. 


S 


Inorganic clays of medium plasticity, 


Sal tye clayon 


N 


Inorganic clays of high plasticity, 


fat clays. 


Peat and other highly organic soils. 


345 


t "Ty, . eile an 
; Pe a eed “ x aj? y 4 ; Ary ” A | ATRIARO 


—— ede 
a 


ated oie yaat Be aeaU Lieve 3708 OyntAe 1.4 a3 


| 
a oa 7 Pa 
i] Y 
é > v as" 
; > 
} : ei \ , 2nve : 
? » visool 
¢ : I da ret 
— ., 
t— -- E 
J 
— ; ee 
: 
atco7g oF} 
ae 
i } 
| 7 
. s 13 BG ; 
i 
' : 
= 7 L 
br 
t 
2 el. 
i 
€ siti 4 
| if [ Pla | 
, 
a j TAFE 


—_ 
- 
' 
— 
- 


a : ; ' 
10°41463i0 = ni Th SYOLe BIMa SOS 


,edree (i, o0aS 


ll A A A 
—— nee tS -_ ~ 


D vce mata wether Go kyelo siunyrosl 
BEANE A Ms may Roo 7. tacts wise 


Bec (Osean ae. +4 vi . 
|___Fan 


347 


G} jy li AEE :NOILWA373 39v4yNNS GL/EZ/E GQ aHSINIG L/O0Z/€ :aaiuvis THD :Y3EWNN 310H 1S31 JO 907 


*Terieq s9aIjJ 03 
poppe uotqntos 
ysejod “go yatA 
eToy uz uszo1ry 


*uofsniy 
-X9 9IeIFTTIRJ 
03 iJ9mmeYy 

Be YAFA IF 

de} pue To11eq 
jeoy ATIus3 

03 Aizessazeu 
awedeq $3 [Nd 
-T3JTP ATower3 
-X9 UOTSNI}XY 


* oeUTUPeT 
YOTI-ITTS TequozT joy 


*peptnowsl pue pameyi 
usyM 13aq7emM Sssooxa ATUOWMOD 
$ynoy3no1y Juaeseid 3adF 
aiod £yoTYI WO OT s3er9Ae 
‘Teo AVA Aksu ATTensn 
*SUTOA 3OT a .eTNOTIeI 
Teuof~ses09 ‘aeuTmeT Te. 
-uozfTioyqns pue Te,UOZTI0Y 
pue ‘speq Tequozfizoy £(%0Z 
-OT) 2IFTTF31e pue o3fUusTT 
*(%06-08) z31eNb fieqTn3ue 
-qns ‘{poute1i3 outy {paepesz 
Taood $(¢/9ukOT) UMoAq ated 
"HOeTG OF uUMOIgG HAep 


*(peatnbe1 se 
pesueyc) yiea3 
Jiasut optq 
-1e8) uajs3unj 
FFM poratF YoReY 
*ATejeursai Te 
pesn ster 

—1eq TaHaHXO CML 00:60 


co2z os! 
(~<W/6wW) ALISN3O WINE 


Qnw 
3409 


Qa3igINnn 


SINSWNOD - 3WIL 8 31va NOIidI¥9S30 TOS 


(Jo) dW3L 
NOILIGNOD 
9071 110S 
JIHdVHS 
(4) Hid3d 


3SV8 30 H1d30 


(AY3ZAOID3Y %) 
Y3SWON 3409 
NOLLVDISISS¥19 


ete ew) TTS Aue 
bei 


mM «Yl reeq a(t \enten 
~¢ye jbertesyg gall {bebe 
_(tbe-O8) siinap yt 
-§i) afi tilyia Bae 2ocage 
one bed Ietoestred 7a 
Sj -wosivotdoe toe Dasme 

eee ene fanoryans0 ected 
] - jonlev enh afaluaiae 
— iestrmw iso (koe 
o10, chants so Oe 
- sume ers ; 
—} acdw -elcw peaaae EO 
: 4 bebiues:) Dae 

“4 

t 


— 
~ 
< 


a at Ae al 
- — SS - 
—~ —T - 
os =“ > | 
a © | = ras 
en ~ yh —“y eee ; = 
bib i | ' 
_ 
; 
j ++ 
} 
| Ld re 
: 4-4-4 
& 
: 
_—o 
] 
| 
6 
' 
Wty | 
ss 


~ 
~. 


ones 


igh 


« = 
| | 
-¢ oe 2 vs 3 
= aul . | 
»% pPeaes Ey | 
eovo JF 
— j 
j Vim ee 5 t | 
‘wn or =~ =. = vi i tp. Fad 
™~ sad Sie 
t *rF 
sd Te 3 | 
“a7 016.9) g 7 & 4 
ieee 
part ol m , 
tf ins ; 
' % 
. ; oes 
7 wk 
' 
4 ; | 
See hake g 
I ti . ‘: —— . _ eS Oo ¢ me ea = 
; ani a! _— — : _ . : 
7 ; " : we - aot a 7 ee a ttl oe ae a 
mh =m >! eae ow = » o —~- 


348 


| 8 go S aaaMs uw ¢*TOT :NoliwAat3 39v4yNSs GL/EZ/E == GQ 3HSINIG GL/O7/E =:a3auwis Ta9 : ¥38WNN 3T0H 1S31 4O 907 
Wl Pine iano 
HEN 


“a 99°TT 

pues w //°L 
uazemjqeq AQF Tenb 
2109 pue ArsAOod 
-31 3109 paied 
-ut ATsnofies 
uof3antos ysejod 
ay} uz s8uzqqno 
jo dn ptrng 


*uotsnijxe 

pue Aze9A0001 9109 Butanp 
peqinqstp ATpeq wm 49°TT 
pue w //*/ usveMjeq satdues 


*Sutddeim plety jo aptsut 
uoTjeuptMejJUOD Yysejod jo asneo 
-9q paqeootsep ATTeV0T w //*/ 

pue w 7/*» useMjoq sotTdues 


°69 epniqxe of 
Aapio uz pezesy 
yeaieq 2109 


*spuo 
qe peqinistp 
AtTpeq otdues 


‘M OT°S 38 a1njqoni3s 

"99 apnamxe 07 uo, JeuTMeT Te UOZTI0Y-qns 

iapio ut paieay eS ir 2 Nd ie rong 0} o8ueyd (piremuMop) ueppns 
Jear1eq 9109 = ~+ === - f- =n oe “oAoge se *ANVS} 


Coz os! 
(,W/6W) ALISNIO ¥1NE 


anw 

%o) 

YAEWNN 3409 
331 DYN 

907 110S 
DIHd VES 
Q314INN 


SIN3WWOD - 3WIL 8 31V0 NOI1dI¥9S30 TOS 


(Jo) dN3L 
(4) H1d3G0 


os G2 
(%) INJLNOD JYNISIOW 


3SVd 40 Hid30 
(%-3dITVNSIA) 
NOLLVDI4ISSV19 
NOLLVOISISS¥19 


(A¥3A0934 


tak pe) Thao Reet 


349 


|-33Tp votsna3xg 


{A19A0001 aTdues 


Qa Sh Rao Ctiaace | M G°TOT :NoOltwA313 39V44NNS GL/€Z/E —Q aHSINIG GL/O7/E€ :a3suwis T@D  .y38WNN 370H 1S34 JO 907 


‘mw 0O°ST pue 

UW O8*ET ueemMqeq SFTxXe 9109 0F 
oOL 7 eanjonazqs voFIeUTMeT 
yTequoztioy—-qns re[NZoy 


(pe qeot put 3ssta 
-19y30 ssetun 
3FQ SFYUF YAM 
sem 3uyueet 
TT®) 37q B3utA 
"PEP Cut ¢7°9) 
wo 6°ST & YIFA 
pomesl 3sToH 
0€:00 


GL/17/€0 


‘asn uz Jou sem : ; 
4} ueym sunz - =. ae ‘uadep yagm ATIAYBTTS But 
aqzeursjTe uo a wae wn oe ce = -SP9IDUT 91nqJONAAS UOT IeUTUeT 


Jz0}eM UT Tarzeq ee . + hee a my TeqJuozTIoy-qns aTquay 


yore Butysemn 
ueZeqg ‘weatqoad 
B® T1TF3s Aq[NT 


‘aeUupvWeT YOTI-ITTS TequozZzTI0y 


aAoidmt 07 poqe 
-iojaed sjToa1ieq 
aio0o jo doy 


‘CSTD apniyxa oF 
Japio uz pazesy 
Teaieq 3109 


aaoqe se :(NVSE 


coz oe! 
w/6w) ALISNIO y1Na 


43! DYN 
Q3I4iNn 


SIN3WWOD - 3WI1 8 31V0 NOI1dI¥9S30 T10S 


NOILIGNOD 
907 110S 
DIHdvYd 
(W) H1d30 


OS G2 
(%) INJLNOD JYNLSIONW 


(AN3A093Y %) 

Y3EWNN 3y09 
(%-3dITWNSIA) 
NOLLVIISISSV19 
NOILVOIEISSW19 


3SVe 40 H1d3d 


(% 
eAT44h fC et og 
‘a Le? ‘ot 
prigae melts 
» eaem wl th 
Peso ww at avec? 
é ee ’ 
“i oo 
ab f P is 

a 
* 
‘ Zz 
a i? 
$ « 
i Ae 
; oa UA 
; ys4S aA 
7 
be 
: - 
* 
3 
* 
7 
Ani ea a A —— 


. a 
+ | : ue a 
in cat : ; pesciae’ wie © ite Lad oe 7 


: : 
am — 
- 
' - 
7 4 = “ | 7 
¥ -— ) ee ee 
\ 4 of ae ‘S ae ou | a 
» viergh ily gaa 
’ 
s 
- 
e ; _ 
a 


, 
eo an oe 


350 


a eee W ¢°TOT -NoluwAaia 39v4yNS GL/EZ/E ag ansinia SL/0Z/€ -q3iuwis Tad / 43QWNN 3710H 1S31 4O 907 


‘jaa O7-2T 97 00-80 
-ieq THYYD YIFA 
1 OV-ZT 328 ponuT 
-ju05) 3uUTTTTIp 
JOM JOJ JueM 
-dtnbe [Te s1ed 
-aid 03 W 06°6T 
je ATpTae1z0dusy 
peatey Butta : ‘speq utes 
) 0} ueyoTYI seUTMeT 3Nq 
‘Tequoztioy sufemaz 91nj09n1395 


‘mM OG*LT MoTaq ATT peais 
sosearout Juaquod ATTS 


*9inqjoniqs 


00+ 70 uoTJeUTMeT TeqJUOZT IO 


*pomesi oTOH 


aaoqge se :qNYS 


go2 oe! 
(,4/6W) ALISN3O ¥1Na 


anw 
%) 

Y3IEWON 3409 
331 DYN 
Q314INN 


NOI1dI¥9S30 0S 


907 110S 
DIHd VHS 


SIN3WWNOD - 3WIL 8 31va 


(Jo) dNN3L 
(W) Hid3d0 


GL OS $2 
(%) IN3JiINOD JYNLSIOW 


3SV8 40 H1id30 
(%-3dITWNSIA) 
OlivdIsISSV19 
NOILVOISISSV 19 


(A¥3A0934 


reas £26 
j ge 


« 


‘ —_ 
é 
= ‘ 
> 


7 - 7 
wh : 
» 7 
| 
’ : 
Bre -4 
{ 


& 
yew 
pe ad 
? 
bad 4 
} 
| 


- —————— 
1 
* 


on “es 


2g) dey TS 
‘ : ‘ec Cl @olsd Qi eeeee 
' ° on : 


a ee 
* eo 


= 
) a 
‘ 
. = 
3 4 
ie f « rue ear ee | 
, | i 
’ ee | 
| cae 
5 
Pas . 
‘4 es . 
| 
* * - 
e iT 7 
J co] » 
. 
I 
k . 
_ i ; 
. | : 
: es 2 7 .- lea OL nan fa + 
> - « ‘ i ° ou - © 
ao os - 


351 


| 8 40S aaaHs | G*TOT : NolWWA313 39V4NNS GL/EZ/E —. aaHsINig GL/OZ/E :a31uvLs :¥438WNN 3TOH 1S31 JO 907 


*powesi1 9TOH ST:8T 


*pues uey. 
letTduts yon 
peaaoad Aeqo 

jo uofsn1iqxq 
(peatnbe1i se pe 
j-Sueyo) a /Q°TZ 
3e pequnou 
439903 T2038 
peuspaey ose 


“yoOFUF 

wo 7'Q o3ea9Ae SsuteA ATepuO 
-09s {$yoTYI WO QO*T 28eI19Ae 
*SUTOA 90F But ee a *‘Tequozfaoy o3 AT jdnaqe 
-yee1q pfoae o3 ae = : asueyo Avy YDTYUM MOTEqG 
H3y3tT 3dey eins 3 ; W CGE°SE 03 TeOFIIVA APeU 
-soid umop-T {ng y ice 52 Sa suzea Areutad ‘ynoy3no1y3 
BOF o2eTNOTIeA fyoTYI 

wo Gz 03 dn 9d]y *a1nj9nI138 
uoTjeupTue,T Zupzomojseue 
yatA oFuy Ays-opnesd fAATTS 
fotasetd y3ty 07 wunTpeu 
£(Z7/€ 02 T/€EAAOT) Umorq 
ysthe13 yep o7 Av1i3 y1zep 


“Teazeq Tayo 
uo yj909 Buta 
-euep pToae 03 
unuyuzM oF 4nd 
ainssaid umop 
-TInd pue Wd 
* pailequnosus : 
aakeT etqqed mas eos ; *(%0Z) 
ueym ATIYZTT : : aqeuogied £(%08) 
peounog 3Ty i eo ; = : zjaenb ‘papunoi—qns 
fezts etTqqed :THAVUD 


ed 2c 
SS. CA an 
es) "s 


*AqTts Azan $8utppeq 
TejuOZFAoYyY faaoqe se :QNVS 


*qusgquo09 


Aitetd atid Be IITs 3uptsesr0ut feaoqe se 


sO72 oe! 
(,W/6W) ALISN3O X1NE 


3yY09 

391 DYN 

907 110S 
DIHd VHS 
Q3isiInn 


SIN3WWOD - 3WIL 8 31V0 NOI1dI4¥9S30 TOS 


NOILIGNOS 
(W) H1d30 


os 
(%) IN3LNOD JYNLSIONW 


3SVd 40 H1d30 
YAWN 3409 


(AN3A09348 %) 


(%-FdITWNSIA) 
OlLWIISISSV19 
NOILVDISISSV19 


sean gie { 
pate: qlotght Crs.) 
teyei ot 4aq 


he 39 HIVOOS 
aoLtes Sao tn 
atneen To meh j 
welrtse <3 feo 
~~wek Sb) ams ¢ 
gt- Sees Mery 
errs — { 
4 » 
S-sy"at “ws 
titaai seo ; 
derrs DA 62 
3 ¢ aD | 


ee =; “oe 22 ereerr 
— 
a 
t. 
t 
f 


geat>) &@ 2.1 
ee * 
94 > = Fe] 
To 
oF ¢ 
_—— wegen = 


‘hall 


ee 
i 
¢e 
- 


vege 
al 
a 


- 


aici 


oe 


~~ 
Ye ad 
— 

- 
+ 


jte\ om) eTICKR Pols 
fr 


a 


die colubbssed’ jeveda ee A 
per ae 


+o 


i 

1 

: 
a 


Pl ———— A e 
7 Leings tte javouaA ee 26 
l.estie ysev tg0kbled 


ee 


a oo i route atateg aff 


conte ~t-4 ++ —s 


wh 


- : a I asseup i hahasor-dum 
—_ ; a = t staaadvze> .(0Ga" 
= . é » aNd nd =e 
r r a ' i amisere: 
wma Ach Litt = 


detee te Heeb eke Ae 
8te of (0C<vOl) eae = 
:o4¢en lg Aeet 32 owt yee 
- Werte , alee 
' tts eel 
oe ; vtat ewe 
| ' es Tee 
a a tty . ” 2d ewuee 7 
as ‘ope Jitie® tae , 
p24 12 Arto ented 
- : Poteis wo: ylides 
«<s Ot Oat 
‘ge Tove oiey ovahee 
Anta 


a0 
ae | 
; 
= 7 
, 
7, | 
” 
4 
2. 
bs 
S = 


» wheel ov 


= = 


— * 
— Ae 
i | 
@ 
P ‘ 
P ' 
| 
? 
_ ss ~~ ee + am? 
waa i 4 s (7F 4 
oa Ss 
a ae a a eal omer seg qed *.26 FERED = 
> ——— 


352 


| 8 40.9 133Hs | W G*TOT =NOlWA373 39v4yNNS GL/EZ/E = aansinia GL/OZ/E =: gays : 4Y3QWNN 3IOH 1S31 4O 907 


WSS 


ST: TO 


OOO 


MX 


*pemeait aToy 


SN 


¢L/72/€0 
O€ 2772 


N 
NO © o028 


SSS 


SY 


NN 


SY 


*poweel 3TOH 


VA 


RY 


SS 


VV 
4 
iS 


\/ 


JIHdVyS Wo 


NOILVIISISSV19 


aaoqe se :xVI19 


GO? oa! 
(~W/6W) ALISNIO ¥1Na 


Qnw 
33! DYN 
a3iainn 


SINSJWWOD - JAIL 8 31Vvd NOI1dI4¥9S30 0S 


901 110s SN 


(D0) dW3L 
(AYJAOD3Y %) 
YASWNN 340d 
-3OITWASIA) 
(W) H1d30 


3SV8 40 Hid30 


(% 
NOLLVII4ISSV19 


335 


a ae uw ¢*TOT  :NOliwA373 39V5YNS GL/EZ/E -s aaHsiINis GL£/OZ/€ :a3z1uvLs THD :y3aWNN 30H 1S31 JO 907 


*pouleat 3ToH 


"mW €*HE pue Z*HE UBEeMIEq 
(peijyei-39T) satqqed wopury 


*poweolt sTOH 


cO7Zz oe! 
(<4/6W) ALISN3O WIN@ 


331 DUN 


SINSWWOD - 3WIL 8 31v0 NOI1dINDS3G 10S 


NOILIGNOS 


Al by 00! GL Os 
tly si 
“m:Q  (%) INFLNOD JYNLSIOW 


(%-3OI1VNSKM) 
NOLLYDI4ISSV19 


saoge se : 


Sy 


ONY 
ESS 


LAX 


CED 


SVX 
OXY 


SSSA SSS 


WANS 


SS 
oes 


= SSS 


907 1108 WQQQOXYA 
DIHdvYHS RQ AQAA 


—_——- sil tay ll wills SP 


an oa Milas emma OP 


‘ca 


I 


5 

es 
: 

. - 


sy * 
» by 


ee a 
6 Wi 


- 


rE 


354 


| 8 40S aazHs w ¢*TOT .Notivaata 30v4NNS SL/EZ/E —sgansinias §=SL/0Z/E ~—:qaiuvis THD ~—-. w3SWAN 30H 1$31 JO 907 


j *pauopuege atoy Ol'8T 
*3uTysnotTs 
ue3eq pues ' 
sWeGen7 eae) t 
auoz jyetyy 

B® Jo ssneoeq 
Tnjssaoons $£/€7/€04 


-un 913M wa sks 
dd 247 YITA 
enuf quod pue dn 
pnu 02 s3dusq3y 
*qS0T 

219M 4293 
Jeeqs pouspirey 
ased OM} pue 
[njssooonsun 
aiem 3nqTd e se 
790 UIFM peoy 
ayy AsAODII OF 
sjdm93qy °‘3So0T 
peoy ismmey 

pue podseuep 


(Jo) dN31 | =< 
anw} > 


ATpeq Te11eq ‘WW C0:9T 


€°ST .e Joumey 
ey. 3ased dn 
pevi0jy Tea1eg 
‘199 Buf {tnd 
,O2TTYM 9ToOy uMOp 
peddoip iowmey 


00*2T 


O£*60 


*punoj Set JeTAeA |9jzeUOgIeD 
“pue snoacdqtTts {$*eTp wo ¢°T 

uey. ssetT fm o*cE moTeq 
uowmo0d (pazyei-980F) saTqqeg 


SESS 


DIHdvud PARR 


SSSA 


901 110S RAN 


*TequOZFAoOY oF 
TeOTIAVA WOIF 91N}INIWsS-adF 
Azewzaid ut s8ueyo Tenpe13 
weg SE Pua? Ct Ueomed 


soz oe! csi 
(~W/ 5W) ALISN3O »1NE@ 


3409 


431 SYN 


SIN3WWOD - 3WIL 8 31V0 NOI1d!I¥9S30 10S 


NOILIGNOD 
(W) H1d30 


os GZ 
(%) INJLNOD 3JYNLSIOW 


Y3ASAWNN 3809 
OLLVII4ISSV19 


3SV8 30 H1d30 
(AY3A09348 %) 


(%-391 TWNSIA) 


5)» Oo ae werd ay 
ee et 
bess)? j9> th? : 


att & o 


« f.tt ioe 5.00 week 
wrmaizq «1 egumls dae 

leolate* mot? 871998 

_fejuest3zes of 


{ 

cus 9 (hot hawrensy aaldeot 
~<—Ai twee DO £.ct ewled 7 
| os suo’ 138 - so ao 42 
. _jwatel seliiefsas eoamedtae 

: 

} 

' 


Sis) 


¢ 30 [T L133HS W O°TOT :=NOIlLVA3ST3a 39v4yNS 


*spi0001 
SuT[TTT4ap pue satdues 
qeis *TeAraqUT 
petdues oy} ‘7q5 pue 
Td) UF PeysTTqeisa 
Aydea3zqjerzqs ouq 
uo paseq st ASOTOYITT 
g(%e 

03 T) paatnbea syueq 
TeuoFIFppe x21 L 
G7?ST) Oey oe ak: paoetd 
qno13 jo yueqz 3asity 
*atToy jo yno Butddta3zq 
alojoq pnu AYsTT 


3° (T 009) syUeI 0M] 
payeTNoito pue pexty 


“mw yO"ES 3e 
VIdo GL 


*quousa. yeam 
‘peutei3 autTy :aNOLSANVS 
“F1¢ 
pnu ut onptse1a ATtO 
“9 T°9 -— 91nqeraduaq 
2 pextu ‘pappe pny 


GL/82/€ 


"spaqiequy = Gh 
TvOO pue GNVS 4ITM AVTO 


5G Taka - ainjeioduaj 
pextu “‘pappe pny 
0” 


*uou0 3 
syoor fotqyseqtd mot 
*‘Apues “AQ TES = (TIIL) AVID 


JTq BuTM YITM panuTquOD 
*partaaooved uot Ie[NIATD cE 


‘uot dtjaosap 
otydei3tqe1jqs poTreq,op 
eB saat3 a3ed BuTMOTTOJ 

ay. uo BOT 92109 ayy, 


-TVAYAINI CaTdWVS 


*HSINIA 


20.6: 60 OTS BOs 
-PTNIITI Teuotsesz0 
yYqaTM umMog ‘197eM jo 
yno uel Q5ZTYS IYUBTIN 


SPN Git a ainjzeioduaj 
Ppaxtu ‘poppe pny 
"O,2°T- 03 asearout 
02 d1injejrzsadua} posnes 
pnu jo ARTSOOSTA Y3TY 


uowwod 3dT 
oTasetd wntpew ‘ARTIS 


SaTdddd 


*suaT Teae13 

Joy uotjeaedeid ut 
paseaiout AQTSOISTA pny 
Joe\\G — ainjeisdusa, pny 


GL/SZ/E :1yWLs 


ae 


Y 
G 
Y 
y 


Y 
j 
G 
G 
Z 
l 


MOO 


g 


Ss x q$Q“ 


RSSSg 


SL/9ZIE 


ST 


VIA 


ed Bie ace ainjeiodusay 
paxtw ‘pappe pnw 


*qTq 3uTM JaqJoueTp 

("UF ¢Z7°9) WO 6°ST 

YITm BuTTTT4Ip 33M 
"AQTTS ‘pauteiz3 outzZ :qNVS 


?40 907 G3lsINdWIS 


squowwoyj pue AZoTOYITT (Se17eEW) 
yadeq 


sjuowumo0) pue AZoOTOUITT sjuowuogj pue AZoTOYITT (Ssaijew) 


yadaq 


quowuoyj pue AZOTOYUITT (Sseiqew) 
yadaq 


(soijow) 
yadoq 


~, i 
Seut n 
4" a. beteveses fal J&ie ; Th TS * SIRE) 
- (9 t.2.~ sett gee ~~ iam ~S. = oe 
Sed wl orlvset «iO < d pie 03 reid Se ae ————— 
2 oo aX 
barney et 2 zh 7 J wis) okseed@ aulice \fess< 
Sepheig a0!) -anOrsdrse ——* “ss S ' 
Semis Kies bs 1 R , nyeeman eo 
fom: “ “4 
a . 
;  S 
7S pa — —_ a y “we ed 
' dl tie ‘ a .* ’ 
bp 
a6 j ‘ 4 . 
" * o ny 
'webi’ hii eo i ores , . ‘ 
. ys - a 
to (1 O46) Gow FV —_ 
r ai 1 
§ hie Bs ’ 
7. - hs} 
; ris Wh a4 
abs oe 93 ® 
f if A a i % . 
j 
.~ ii ¢ ~a* . 
»« m4 oy 
i 
| TY ee du! & 
& al ot : 
4 
, a af 
: e>citit> Ye 
7. ai) T $. Vs 
— a niece eal ie ll AL ALE oA ALES 


ose ~_— : et 
 Wiqet Aaqen 7. eae Joak = 
at Cassada) escbumed baw egntoiin! tebyiina)” S1sAMD iy peters fe ae : 


ely 


sdavaayal ye SSHAL 


47 we gul vx09 SIT 
vig *ueq antwallot 4 
(jgepedJas3e boliees> |. 
ag! qi vas 7 


atjetre & 
Si “nee 
“J hegas tent viisooe., hui? 
yo! gol se mqgetg, a! 

eeol levezg 


356 


-TnNo1ifo upese1 
0 83uzjduaj je 
ia3emM Jo 4no 


uel 33TYys IY3IN 


‘u ¢°OZ Je BUOZ 
JeFty. oF SSOT 
PINTJ Snonuyfjuos) 


“OT: 8T 

qe pejieqs 
BuFIOD 9,7 °7- 
pue 90S" oT- 30 


|seanaedodmoa pa 


-xyu ‘peppe pna 
Jo syueq OM] 
*maqshs 3ut3109 
,0d, 03 19A0 
agueyo ueseq 
pue Gy:7T 4? 


pm 9O°CE PIyIeoey 


Bo A9eG 
- aanqessdue3 
pextu ‘pappe 
POW *37q BuTA 
JajouetTp (°ut 
¢Z7°9) WO 6°CT 
YIFM BUTTTTAG 
‘a3ed But 
-pooseid wo1z 


peanut uo ¢/1/97/€ 19° %- 


SLIN3SWWOD - 3WI1 8 31vd 


(Jo) dW3L 


NOILIGNOD 


Z 40 Z 133HS W O°TOT :NOllvA313 39v4yNS 


Y3ENWNN 3409 


3SV8 40 H1d30 


(AN3A0D3Y %) 


GL/87/€ GAHSINIS 


GL/SZ/€ °G31YNVLS 


*yoOTYA Wo €°Q B8e 
-1aae suftan Aiepuosss fHxITYI 


Wd 9°Q a3derT0Ae fTeOTFIIGA 


aeau sutoA Arewmtad fuoummod 
BOF BIeTNIOFISY *3noysno iy 
peasei-90T) aTqqed Teuotsesz0 
} $91n}0n14s vuofJeuTURT Butso 
-wojseue yIFM oF IAYyA-opnasd 
fofasetd ysty o} untpeu 


*(Z/€ 07 T/EAAOT) Umo3aq 


ystho1i3 yIep 07 Avi3d yAep :AVTIO 


coz os! 
(~4/65wW) ALISN3O ¥1Ne 


os 


(%) INJLNOD 3JYNLSIOW 


Gz 


4331 DYN 


NOIidI4¥9S30 10S 


(%-3DITWASIA) 
OVLVIISISSV19 


c< 


G 


WS Mi 


SS 
AQ 


Wy 
SS 


907 10S 
JIHd VHS 


Galginn 


NOLLVOSISSV 19 


(mg¢€ 02 O€) VIAD = Y38WNN 370H 1S$31 4O 907 


(4) H1id30 


ie me 
— Dates 


Kai ph) wTUMDS WUE 
&s lowe 


‘ 7 5 
q ” to 214 2a.¥ @ ' = a i = — 
beghn ,>otbo : L 


| ee. 
a -_ q —————T © aaa 
) ——. —_ } 
- - Sault iogm? { t 7 ; a : : —4 
2.7 ; . ; 
; 


P SO 40 eA geet 
bow f4; 6! te i 
sgotds sage : 
‘ea* of seve 


sajeeo pti 30 


fn oe 5 ee 
’ | sain nN a eee Ee, ee TT | dolyets (mb @& rte | 
 wccnd eT ee ; ; ae i al s(S\i ao Ole 
ane bebha tee » if : i. :atpevde cghd o0 Baeree- 9 
ne. ns. - ; i 
| | 
\ 


-—gp5Peun @34 iw shed 
, ta 


4~ a J .o=u8 uv ete oak rane 


»- 


13 


357, 


| Tao T aaaus | m 7° TOT :NoliwAg1a 39v4yNs GL/OE/E :tesinig GL/6C/E :auwis A149 +40 901 a3zlsindwis 


"0€:7Z 02 SkeTap 

JayAINJ pasned uopzzepNoAtTo 
8urq1eIs UT SATITNOTIITA *O0:6T 
Aq porzeat) *s3utqqyno AepTo jo 

dn p[tnqg woiz pedoteaaap Burra pny 


*spi10001 B3UTTTTIp pue 
setdmes qei3 ‘7q5 pue 1Tq9 
ur paustTqejase Aydei3t3e14sS 
ay. uo paseq st ABZOTOYITT 


O€:0T 9,9°€+ e peoeTd jno1g 


WQQQay 
SAXSSSSEAIY 


*Sutddy13 * TeesyTMy YyITM 0O:0T 

a10jeq pnu 3YyZTT JO (T OOE) 3B peTeas ‘wW T°OZ 3e euUOZ 

yueq euo paqjepTnoito pue pextW JeTYyI OF SSOT PINT snonutquo) 
*pna 03 "uw ¥C°Ov 32 


TeISyTMyY pue [e30e7 BZurppe 
Aq peddoqjs ssotT ptnty Tenpe1zy 


“058° €- 
ainjeiadus} poxtm ‘pappe pny 


°3EqQ YIVo1 AaJowWeTp 

GUENG /e >) sWoN/Oic f Olsosuelo 

ped10J suotsnqTouT 331e7 
GL/OE/: 


*uowmmos syoor ‘otysetd 
fkonp Cotes CAs eS S(T) AAD) 


uouwos 90t forqsetTd wntpow SAQTTS :,YT Z 


vA 


SATd#d#ad OC 


He9e= ainjeisduaq 
pextu *‘pappe pnu AQTSOOSTA Y3TH 
“37 3TOM 


pnul aseaioUuT 07 pappe Taso0az 


satTqqed [Tews [euortses29 


EC ta ainjeiadwua} pnu TeTqruy 
“31q BuTM JajomeTp (*UT ¢7°9) 
wd 6°ST YITM BUTTTTIp 30M 
*AQTTS ‘poutes3s autz :QNVS 
: 0 
Sjueuwo0) pue AZoTOYITT (Sa1}awW) Sjuammog pue ABoTOYITT (SsajaJew) Sjuowwoj pue A8o0TOUIATT (Sso9ijow) 
yjdaq qyadaq yjdaq 


i 


* 
; iddeg thoma lew! if , 
” “a ‘iia NSS) oF « ed fyi Lat y3laesde¥ Mill 
es 4 é.4- sie2cTe@e2 
WAN —— 
~N 24 ene? Of FF 
th}; ‘ — a 7 
~ : —_, ; 
—————————————— a Pe god regia toithur ,y Tite TAG 
aul ovbne® ."2liv LUT ty i | Ol 
: - * A ~*~ a 
 @engee® B22 .*ldce b a | ISN 
. ™ . 4 
| % “4 A 
aad ~ | 
é ig’ (as ’ — " : 
aa, (3.8 ' 3 ‘ | ; 
fs = ori \ ’ 
: ‘-¢ 4 4 bi aay : *% 
| teseste “4% , & 
i mw < > . 
7 , P 
> ‘ Z A, 
: = 
4 
8 
' 
: 4 
; ‘ 2 ~ * 
é eM ; 
4 7 “ih 
é 
; aes 
-_s —_ —_ > a —_ A Se 


clove bas equlatent 


oF. bebte Jagoee 


aiiphaw 


) 
: 


ad 7 

f = 

yey 
et 


358 


gO T 133HS SHAS IAN Q3HSINIS SZL/TE/E :OJLNVIS C49 . y3aWNAN 370H 1S341 4O 907 


*3UTTIFAP 
Buzanp usyo1q 
pue ApnoTo 9] 


°OOF 

jo uot Fpuosd 
aaoidwy oj pa 
j-uses onbTuyseq 
SUFTTEIP 02 
queujsnfpe on 
SUTTT}1p 3upanp 
uayo1aq ATIYSTTS 
pue Apnoqto a7 


“HOFF 

wo ¢°Q a3e19Ae suton Ale 

-puoses *yxoTYI WD Q°Z 02 CG°T 

aZeisae ‘TeOFIAVA AeBU SUTIA 

Axzewtid *ynoyZno1iy} uommos 

Bot aqeTNoOF.e1A feuntoa Aq 

: ; : BOE ZOE VBereae ‘mum ¢*T doQ 

‘m ¢/°O es : = ut A{TTepfoedssa ‘juepunqe 

ze usy7o1q ry = : j ale @OT peqeseizeg *s91injo9n14s 

pue Apno{to 92] pata G a = 30F peosidsaptm jo ssneseq 

qouF IST put 29inj09nI13s 

ATjuenbeay feanjoni4s 

uoTjeuyMeT ZuTsomojseue 

yatta opuy zAysz-opneasd 

fotasetd y3ty o2 unTpeu 

£(Z7/€ 93 T/€MAOT) umoaq 
ystho13 yaep oj AviB yep :AVTO 


*(peatnbe1 
se podsueyd) 
yj9e7 T2098 
peuspiey essed 
YITM pertzs 
yoereq ‘ATazeurs 
-1T® pesn steal 
—ieq THYAD OML OS: TT 


~ 
a 


(€/7axOT) UMoIq YIep :LVAd 


O72 oe! 
((w/6W) ALISNIO x1N@ 


Qnw 
3409 
49! DYN 
Q3t4dINn 


SIN3NWOD - 3WIL 8 31Vd NOI1dI4¥9S30 TIOS 


(Jo) dW3L 
NOILIQNOD 
(Ww) Hid3d 


GL os 
(%) IN3LNOD 3YNLSIOW 


3SV8 340 H1id30 
(AN3A0938 %) 
Y3GAWNN 340d 
(%-3dI1WNSIA) 
OLLVDI4ISSW19 
NOILVOISZISSV 19 


et 


tee glincis ori 
ja cadovd 


x 


-e <°.0 “won | 
: 4 ae q * 7 
forti me : : 7 ; 
= ‘ ° “nets <Halsg . gerne ess 
a = —— — a a eu vey Tentoasy see ane 
od 1 i hoa jsids oo OD. a9 Ck 
ap ac gi tea anlev 458 
a>ine 
fee =o 
“sore 12 
wet t-be'st ’ 
ase) al it 
2 .% 
an 8 ‘ 
v7 eq 
a us 
wie 
= 
a tliat 


359 


"37q Sutm 
Jaqjouetp (°ut 
GZ7°9) WO 6°ST 

AJITM poweel JTOH 


(Era Se : 39v4yNS GL/E/4¥ G3HSINI4 GL/TE/E -a31yNvLS 74D :Y3GWNN 3TOH 1S34 4O 907 


*sooetd Te1z9 
-AdS UT usyoI1q 
pue ApnoTo 91) 
pue CTO UF 99] 


SQN 
MAA 


Ni 


ecm 
pue gf°g useMjeq (sqoeqUOD 
BOT-TFOS) SepyzsuaxoFTS 


bh 


*uayorq ATpeq 
pue ApnoTjTo ao] 


Na 


ROS 


WN 


LSA 
MOOXON 


ul Cm) 
10°9 useMjzeq (SID QUOD 


9IF-TTOS) SapfsuayxoTTs 


*uayo1q ATpeq 
pue ApnoTo 2x2] O4v:/T 


LR 


NN 
NS 


aaoge se :RYI9 


soz oes! 
(,w/6W) ALISNIO WINE 


anw 


ET-\e}e) 


DIHd Ved INN) 


331 SYN 
NOLLVOISISSV 19 


Q3IsINn 


SINJWWOD - 3WIL 8 31V0 NOIidI¥9S30 10S 


907 10S WN 


(Jo) dN3L 
NOILIGNOD & 
(W) Hid3d 


Os 
(%) LIN3JLNOD 3JYHNLSIOW 


3Sva 40 H1id30 
(AWY3A0I3Y %) 
Y3EWAN 340d 
(%-3dITWNSIA) 
OlLVDIdISSV19 


fen esoels «4) Soctay 


swadced yi be! 


bas vouel= 32 
wadowd 


r 


i‘ ek oaty) VO TieneD #108 
eat aye neal 


r= "She ' 

oy i 

- : oe a 
ent-tion: ssateseisthte | 


il ti 2D see 50 eee ae f 
/ - ~ a 
: . _ | 


ts ok 


7 —. a ‘ aes eed Le 
7 s ’ ; 7 . . 4 bo 1 
ae j ‘ 4 
plat ite a #3 u 
re 
+ ~ 
‘ 
* = - —S ] + 
r] 
. ry) iy 
<< i] 
¥ 5 
‘. 
i 
“ . He i a 
_ 
e “ « tin we meal ed . - 
. = 


360 


°37q Buta 
Jajauetp (°ut 
GZ°9) WO 6°CT 
YITA poues1 
ES ae 
ainjeisdusq pe 
-x}u ‘pappe pny 


‘ma sds Od 


:NONWA313 39dv4y"NS GL/€/% : gaHsints 


GL/TE/E  :aa.yvis :¥Y3BWNN 3IOH 1S31 4O 907 


“ma 80°8T Pue Gc YT 
usvemjeq ATuo satdues qe19 


‘30 ssa0xe 
ou YIFM pepuogd TT9M “pe 
-AINSSTJ :uommod suoftsnTout 
euoyspues pue vjeuogiIes ‘out 
-TTeashao {Apues Art9vA ATTeDOT 
pue Aq{Tts ‘fofjaseqtd wntpeu 

03 MOT *(T/E 93 €/SUAOT) 


W 


S 


OZ BFA 
: aied 
-o1id 032 W 4C°ET 


GL/T/¥ Ko1i3 yrep AIBA 0F UMOIG :TTIL AVID 


T 
= 
1S) 


WAS Gs 


~ 


SSSA 


x 


qe poddoqs 
33TYS I43TN 

1€7) Bupye? IsSoT 
Teaaieq TaWtd 


: *dieys sf} TT}3 
AeToO ZupATjepun yITA 49eWQU0D 

ALE (OLE = 7410 
pue #T°Z7T useMqeq (sj9eQU0D 


uo 42997 OM] a°F-TFOS) sepTsuexoTTs 


ESS 
SAA 


AYE TELE 

: E pue 9¢°TT useMjeq uommo0D 
*uayorig ATpeq (S}989U0D BDT-T}FOS) septs 
pue ApnoTo 30] —-Udy¥OTTS 'sfxe 02 QQ 3e 9109 
: synod ‘WU /°TT Se poisquea. 
*(q9e8JU0D [TTOS-JT}foOs) suetd 


Ie9ysS popysueyoTTSs ‘.ouTISTG 


WN) 
NN 


WN) 
WS 


SLE OWE TEI 

pue /8°OT uvemqeq (sq9e3U0D 

BOT-TTOS) saptTsuayxoTTs 

*pozt JO uof3ngfszIstp vssusaquy 
-1aatnd ATTeI0} : 

pue ApnoT? 619 

pue gTO UF 991 


NS 
WN 


‘m O£ OT MOTeq 
(peajyei-a0F) setTqqed wopuey 


aaoge se :XV19 


NN 
MN) 


coz os! 
(<w/6W) ALISNIG WING 


Qnw 
431 DYN 
Q3isINnn 


(Ww) Hid30 


SIN3WWOD - 3NIL 8 31Vva NOI1d!I¥9S30 1110S 


(D0) dN3L 
NOILIGNOD 
9071 110S 
DIHd VHS 


Os wr 
(%) IN3LNOD 3YNISIOW 


(Ad3A093Y %) 
Y3ISBWNN 340d 
(%-3DI1VNSIA) 
OlLWIIsISSV19 
NOWLVIISISSV 19 


3SV8 40 H1d30 


feat g19 a2 pel 
“bhe yhool> 912 


coe ¢liese. 
basi 


ee; 
hae «Suet 4 
anton ¢4nF2 
ai: 
rts 
“2. nine a 
fers <2 
ESS. gests 3s* 
thidto 31 bey 
: in 32) i“ 
e7 nq o3 c 
: Sik > 
t yt aba _ 
4 
é 
é. 2:6 2 m .¥ 
q pess _ : 
»* L 
Ct > 
7. @ ¢ 
toe { 
i] 


(Vay eet: ree esue 
#98 wr 


rat 


(bester-eat) 


a: a " Is ung sudtsiasD esneant 

ee sxi~itoe! asd . 

-% *L : nom (6.05 aunvted jaaseao0o 

i ~ pO!) oe — = —s =m 02,52 
Te) aan Sa | SS 


sete Roblowsdallia ,youhjere 
,(30nimo ttue-itoa) enala 
gtun ,@ 8.42 z* iets 39> 
-gadsliiq :4lte OF OO ah 385 
‘essere Bok-lics} sects 
tae 8t. Li asvwved ccaeree 


a a . } ne -@ OT, 45> 
a j ‘ f - ‘ 
ro 7 Me: ms) 
e a P — ry - a 
|} —— aw 
on vel } sat-jror) 2sehbansé9t lS 
A r : r —— nt ! e Fas ey ee 
= —— oe OC SF 
_ L. ' } vel, wmetyit 7 ovwwvw 4 isang 
a.) ; -.ete eh A22% 
_ — >_< a — ——— 
- . - _—— ' ; 9 réi9 3 y2eV af Pre S <dtt 
y — t s war cl F\e we 4 \CRbeS 
i] % J = o - — : ; 
, _¥ = ¥2 - 3 -aei4 otbes 
7" —— aa : jbuyt> [Van a lLeted 
é | : Wiad hus g 
‘ L a. T4ha 
“3 ¥ wt ak3 < 
a. 
t rl 
— — na ” eel ——_ a ae 
- ° or AOE Ee eh oe 2 —_ ae 


361 


fg 40 y 133Hs_ | W C°Q8 «= NOlMVAII3 30VINNS GL/€/%  GAHSINIS GL/TE/E :O31yNvLS :4ZEWNN 310H 1S31 40 907 


peourape 9TOH - : 
* ponut qUOOS Fp “mW 06°02 
Si19ut—T jo ven ~ pue /0°6T u9seMI0q 


os wetTqoid azys 
a oS feene Ajuo setdues qeiay 


peiizeaqus ¢79 se 04:90 
peTyong szeUtT 
“ae 
ainjeisdmay 
pextu ‘peppe 

Pon *W OS *ST wd €°9Q 09 dn squomBerz 


cureay TOE Teoo feaoqe se “s7ITL AVIO 


Od 02 3FQ HIOI 
woljy pasuey) 


GG°ST pue O7°CT 
uaeM}eq MOTS 
AJaA VdOUeApPe 

JO 97PY Oe 

ainjejisdusay 
pextu ‘m 7°CT 
3e8 peppe pny 


“mw g0°8T OF 
Iq yor asjem 
-eTp (UF G/°4) 
wo /0°CT UF 
paoueape eToy CZ7:€7 
pub WG t Ie 
peseao Zufi0: ; = gS es Si ree ‘mM $G°ST pue O7Z°ST usem 
arlojyersyy, ‘100d cari MS Pages -J9q suofsnTouT ajfuel3Z 
Aatqtenb atdues a : 3 ph Abeer 3Z1eT siow 10 3uCd 
pue 3ITNOFIFFEP 
Zufz10j *‘uoumos ; 29 ace }-w gO°gT pue GzZ°FT uaeM 
A29A SAaptTnog San ees rs errs -q0q AjTuo setdues qeiy9 
pue seTqqo9 s- - - an - - saoge se :TTIL AVTO 


eH 
1S) 
! 
| 
9 


$02 og! 
(,W/6W) ALISN3IO wINE 


anw 

fo) 

Y3EWNN 3409 
391 YN 
Qal4INnn 


SIN3WWOD - 3WIL 8 31V0 NOI1dI¥D9S30 TI0S 


(Jo) dW3L 
(W) H1d30 


GL oS T4 
(%) IN3JLNOD 3JYNLSIOW 


3SV8 30 H1d30 
(%-3dITVASIA) 
OLLVDISISSV19 
NOILVDISISSV 19 


(AY3AO09348 


ae dobbs set 
Bac ,@ 3.74 
+ Feivegqand 
2% tak a4 
he 
2 ea 


o—75e +o +* 


Fadl 
fe 


4s 
nor? the @eita 
‘wu . 1 of 
% = A 
s * : 
; 
; DI Ube 
» “hp ¥ > 
: SY We 
> i 5S 
| =< al ~ 
om cy ho <4 
| a’ ' > 
" a 
« : 7, i 
pf 5 
4 
’ ee 
a 
ee ae ~— 
® 
weir 2a =. & - 


cesar ay lets «alin -~ 


a i et 


~sod yluo wetqnse 4850 
o# @0,8F ‘baw £3.45 a 


a > 


_ 


=pvel ore te ent) - : 
= 


- tad evfant silaem™ 


362 


JO ¢ 133HS w ¢°Og8 :NOILVAS13 39VAYNS CLUS IND :Q3HSINIS CL/TE/E +O314VvLS cdo > ¥Y3EGWNN 3J1OH 1S31 40 901 
“dE SSd0X9 OU YITM Pepuog 
-TIOM ‘2IFTTE31e pue zj1aenb 
¢papunoiqns {poutei3 wntpem 
$peapei3 ATaood Azan (T/E 
MAOT) AO13 yaep AzeA :QNVS 


*daeys pues 3ufhT 
-Jopun yqTM .9eIUOD 


*uoumod 
wo 4°Q 07 dn squamserg 
“i Teoo azaetn3ue ‘fATIAT 
+H 12792 : e Pe al Sia ; -joedsei wo ¢°z pue wo 

pue mw 00°02 G°T a8eieae sazts aje 
fisamqeq a3eTdM0D -uoqieo pue aut{TTeqsh3z9 
-UF Sp1z0d991 pnw are $suotsnyTouyT azts aTq 
' ox -qed ATuo w O¢*7z MOTAg 


y 
Y 
j 
j 


*peq pues poutel3 
=3S1e0D 07 UNTpeW 


Y 


K 
SN 


RE RENIN 


LAV 


907 110S LA Vawy 


*uaqsAs 


dd 03 3FqQ YO 
woijz pesuey) 


‘aaoge SB :TIIL AVI 


*uMouy 
-un 31injejrzsduay 
poxtu “pappe pny 


“mw 06°02 pue /0°6T UeCM 
-j9q AjTuo satdeus qeiy 


*aAoge se :TTIL AVIO 


a 
oO 


Sso2 oe! 
w/6W) ALISNIO ¥1NE 


Qnw 


et nang 


431 94N 
Q3I4INN 


SIN3WWOD - 3WI1 8 31V0 NOI1dI¥DS30 TOS 


(Jo) dW3l 
(w) H1d3d 


GL Os G2 
(%) INJLNOD JYNLSION 


3SV8 40 H1d3d 
(AY3A0D3Y %) 
Y3IEWON 3409 
(%-3OINWNSIA) 
NOLLVIISISSV 19 
NOLLVOIEISSV 19 


SIUIS Ieee! 
: ees 


A gost. beganitd 00: 


2 of itd 450% 


' 


. = Pal 


26:61) 
b wha ,debbe Gun enitit 


1 i a OO 


-hod base hooleva 


| -oranos o3 eolbat 
; 


— 


Liss ae) 
: sg 


iw. Sigers f 


363 


‘aqd pna 
uy poieodde 
anpTsei umoig 


FO°cG- SL/ELY 
aanqeiraduay P® O€:TO 


-x}u ‘pappe PNW 6S°EZ 


TOA A 
ainjeisdwa pa 
-xTu ‘peppe pnw 


"por T1Fap bd 
aprsufy pommel Q7:€Z 
AT}Faesodusy 03 


qaazieq 29109 O7:6T 


anw 
3409 


SIN3WWOD - 3WIi 8 31V0 


(Jo) dW3L 
NOILIGNOD 


:NOLLWA3173 39V4HNS 


Q3HSINIG 


S/d Ws/fS, -O34LYVLS 7H9 :y38WNN 310H 1S31 JO 907 


(W 64°67 02 EL°LZ) aAoge Se :AYT 
"TeITijop savodde 


petjraeaqs fyuer snout 


-unjFtq qns 02 aqFUsT_T 49eTq *1VOO Re 


*SuTasniyy 90F 


0} onp aeTnN3e11F 3nq dieys 
Teoo ButATAepun yITM 3o9eqUOD 


*soueTd osanssfTj ysow uo jus 
-soid sapTsusyoFTsS fpeanssT¥s 
ATy3ty {squeuseazaz DTues10 
‘AQTTS ‘pues JueozyTusts ou 
£(m /9°9Z 02 60°SZ) 2ACge se 


*30T ssa0xa ou UITM 
pepuog TT28M *(%O%) z31eNb 


*(%09) ®IFTTT31e {pepunoaqns 
peutei3 wntpeu $pepe13 AT1ood 


Azan {ayTT azedded pue ATes 
(T/7axOT) 4213 y1eP 2ANVS 


‘dieys pues 3utATA9pun 


y3ty $(T/€ 02 T/SUAOT) 


%) 


3SV8 40 H1d30 
YISWNN 34809 


(AY3A0D38 


so2 oe! 
(,W/6W) ALISN3O 41N@ 


Os 
(%,) IN3LNOD JYNLSIOW 


G2 


YITA WORQUOD *‘pamey. usyA 
. gs90xa ou ‘soueTd sainssTj 

uo SUT9A 399F (HIOTFYI WO T[°O) 

uTUuL ‘peanssTj {(3uzIsnizya 

30F) pe rojuos ATysTYy Zutppeq 
fuoummlo0d squeuse1lz TeOD azTsS 

pues ‘Aa {ts ‘Apues ‘fozysetd 

IA 


kai3 yaep Azan 03 Kai3 2RVT9 
6 S| NS a - Fo =< DT (NAAN RES CE 


431 DYN 
Q31aINN 


9071 110S 
DIHd VHS 


NOI1dI¥9S30 10S 


(%-391 1VNSIA) 
NOILVOISISSV19 
NOLVIISISS¥ 19 


teaszad @70) 91.2!) 


ULE reT00—e3 
. ebtent hea; 
bor ifich Of 


» 4eehce 
exriaregrs4 
a ee 
art. ¥ a" 

‘ fot 

7 = 
——— re 

, WU 


oJ r 


“ | 
sD I 


' 
; 
' 
‘ 


77" 


fo antet o6d 


ay 2? en re : saooks er .aSnnlg O18 

a 7 cs H 

“ee - + - o--- dziw spe tee > — 

ee a ; - . 2 qyiate tines getel can 
Ne one Cn Ce ———— aes 
; $- - : , <¢cyeevoly esx Axes 2) 
om ee j 


a —~|-_——_-~ yrev pet}! seqeet Sam 2 


i ae = —————————— ad jhanisap foie i(tsieve : 
a = 7 4 7 r j (205) epbitiga j ' 
et ed shure! Lig , (B24) saeep, 


ie 5 aa : sof eee cole | 
i . = = 

4 a | r- i - _ ———— = 

- t= eek F “tg ix Vo.e% oo OO 28) vpode 


¢ 
- 


~~ a a | " 
-_ ~ — —| ‘ 
€ mene a Bi 49 
— 
ad 4 e wg? 
a _ i 
x 
¥ 
Gs 
‘ 
_ - - 
Mie ey 
a eae 


364 


| 8 40 £ 1aaMs | m ¢°08 =: NOlaWA3T3 39V44NS GL/E/7 agansinia SL/TE/E :OF1YVLS 7H9 . y3GWNN 3T0H 1S31 40 907 


1h) reer 0Z*80 

03 poatn 07 
-31 Japn4ayxy ¢oT:¢so ra *30F ssaoxa ou YITM pepuog 
TT98M *‘a7eatdpoead Aqjsnz yatta 
qes qutof TeodfxazaA f19]eM 
uf— peyeos uoym ATTeTII1ed 
umop syxee1q ‘jUeMeD JJOoS 
‘kyyTy~u ‘enbedo fusemqeq ysTtn3 
-UTISTP 02 ATNIFZITP Araa 
S]TUA OM} pue TeUOTIepel3Z 
sqoequoo fofqasetd y3ty 
oj-uou fsouoz YoTA pues ut 
uowmod sjueuser1y Snoadeu0g 
-1e9 ‘4noy8no1y Apues Ai19A 
£(€/S 93 €/9AAOT) UMolrq 0F 

umoiq eTed :qTVHS pue ANOLSLTIS 


“aT qeYSTNsuT ISTP 
ATtsea Jou yIoI1 
-peq B3utATaAspun YyIFA 4IeQUOD 


$9, 5 00* 70 
ainjeisdus pa 03 


-xTu ‘peppe PNW 64:70 


aaoge se : 


oe! 


(,W/6w) ALISN3O x1NE 


aQnw 
3yY09 
43! SYN 
Q3lsinn 


SIN3JWWOD - 3WIL 8 31V0 NOI1dI¥DS30 TOS 


(Jo) dW3L 
NOILIGNOO 
3Sv8 40 H1d30 
(AN3A093Y %) 
Y3EWNN 3Y0D 
907 1210S 
dIHdvyd 

(Ww) H1d30 


(%-3dITWNSIA) 
NOILVI4ISSV19 
NOILVOISISSV19 


Ve, eed inet #406 
ry ie : 


Pucia .bodte bu 69 


ne ih AE 
°* 
¥ 


: a o4 


LS 8 


J 7} 


—- — 


* all 


i 
Pd 


‘soW 
a 


a 


a. a= 


~ted poles twin CIR 
giles tor 


oes ud oleq \RiIK0@ Une 
uid og CVANO() awit 
Ase ut quod! et er 
vase? «oegenk epeapared- 
(3-0 (eee ists hese af 
oie .yosewhg fete 
sites owl 6ac lzamhoeeetg > a 
iseth of sieott ie gee : 
agipls -awwaed delay 
exh shes ee _ em oe 
_—ree nee qtimegusy 
» 2 ,@)308 a?teey (°8se8@ 
ota vq Change ite 
: « aim! 


> te 


365 


| 8 40 8 aaaus | ™ G°O8 =. NOltvA3T3 39V4NNS GL/€/9% = gaHsinia GL/TE/E -aazsuvis 7H : Y3QWNN 30H 1S31 40 907 


*(9,€ 93 T) 
peifnbes 
syue} Te 

—UOFIFPpe V29IUL 
aC eGum aS 
peoetd 4no13 

jo yueq ASsITy 
*s10qsTuIsyy 
pue 3utseo 
JajowMout TUF Fo 
uot IeTTeIsUyT 
1ojz Apear aToy 
*pna 3y3FT yatm 
peysnTF eToy 
pue ut poeddt3z3 
3Fq 401 pue 
Spotl TTF1P AIH? 
*‘aToy jo 3no 
yeazeq 9109 pue 
pol TTT4P bd 


‘m g¢'se yadeq TeIO] 


°07:60 
qe payorel ‘a’ a iM ; is aaoqe se :ATVHS pue ANOLSLTIS 


GO2 oe ft GSI 
w/6W) ALISNIO X1NE 


Qnw 
E}-(e}e) 
43! 34N 
Q3I4INn 


SIN3JWWOD - 3WIL 8 31V0 NOI1d!I4YDS30 TOS 


(Jo) dW3L 
NOILIGNOD 
907 110S 
SIHd VHS 
(4) H1d30 


GL OS 
(%) INJLNOD JYNISIOW 


(AW3A09D348 %) 
Y3EWNN 340d 
(%-3dITWNSIA) 
NOILVOI4ISSV19 
NOILVOIEISSV 19 


3SV8 40 Hid3d 


badsess .0.7 
OE2EO no 


GCErd 


é 
2s te : 
wimtoatthe saxit : 


. 
: 
-. 


* 
wre 


— 


peg ty — -_——— 


7 

a nyo? 

A . 
es CURR o-« 


: - 
| ——¥ | — 
> — : : c a * 
7 } t - 7 
: 
} t 7 z Sa 
| 
. } 
Hy { 
i] i : 
. b 
— = - 
; 
! 
j 
an, —S ent dls OOP 
— ee <= 


—— a LA LE, 


366 


Sia | WEGEL OE > NOIIVA313 39VAYNNS CL/ET/¥ *HSINIA GLA a JHVLS VEGD pue ¢€q9 :S3I1OH 1S31 40 9071 G3IISIIdWIS 


87°O£ 4e 

“SL/ET/4 YO 00760 BD PRyIPeI *C°L WACO) (0 dh 

O€ 

Bor?) poatnbai yueq TeuotjatTppe sue Speqt9qut TyYOD pue (NVS YITM AVIO 4 
Z°T- 38 pooetd ynoias jo yueq AsAty 


N 


ay, 


S 
SW 


*pnu 3y3TT YyITmM paysnypy le RA he 
PTOH °SL/7T/4 UO CHihT — paysPed “d'°L 6G) Sqr 


ASS 


(€49) SuUOTSNToUT 3931e7 


WA 


SSMS SSSA 


(€49) D,2°€- eanqeizadway pny 


*Sspi10001 
SUT[TTT4Ip pue sotTdues qea3s ‘7q95 ut 
peysttqejysa Ayde1r3t.e19Ss VsyJ uO 
paseq st W 79*/ MoTaq ABOTOYITT 


ANOLSONVS 


(VEGD) °IFqQ YIoOI Coil evo 
Jajowetp (ur ¢/*7) Wo /O°ZT 07 paduey) 


SSS SEAN 


*suoftjdtiaosap oTydei3tjeI14s 

peTreiyap aatT3 sased omy 
BUTMOT[LOJ JY UO SZOT 3109 
*(€99) Io” £- ainjeiradusy pnw *3Tq Burm “IVAYAINI Ca TdWVS 
Jajowetp (*Ut G/*y7) WO /0°ZT 07 pasueYD 


(€49) 3tq YO01 07 pauianje1 
SMOTS 003 $3utT109 Hq pejadwsqqy 
Sl 
(saiaqow) 
yadog 


squowwo) pue ASoTOYUITT (saijow) 


squowwoj pue AZoTOYUITT yadaq 


_ exe? gus “goledti> 
gweld ooo yi 4 tes Dee TA 

y= (EES) Ghd S503 >> ioeuie 

ae 2 


4 


"gudeenih_ (£1 25,0) ay Sk @ hoyrrestd 
fCaay 2°b.8> sure zeqest bot 21a gulw 


a _ 
vk . 
b ~ 
“F 
SS 
sweioacib (.g4 CS Ap wo TO-TE advil 7 ‘ 
wy farwus in Ase * oat ————— ee een mang a A a 
~ LHOratiis a ‘eae 
{ ; 
he 
lal 
Ly 
an 
{ 
a 
2 
wise 
‘ y 
} 
' j 
| "¥ ‘ ro 
; 
| *\e i 
a 4 


a -_ neal a olen 
Mee = ey -——- antties 


LAWRIE OA IMMIR 
goiwallo? ef) ae agud ooo 
ieficreh sel) ecgee avs 
.apaksql 230s) atdqeve! ease 


‘. 
sored @2 @ Le.) Weber canta 
yet hoaret sieetal ¢ iyo oft 
bh | =e. 1. A ya bas Re 
epost 

é 
‘Tis, a-\ -~ ste s (O0ees SSF 


iian? age 


367 


3O Z .La3HS :NOLLVA313 39V4YNS GL/7T/% GA3AHSINIS GL/TT/7 ‘O31LYVLS (MW OT 93 0) €89 =Y3EBWNN 3710H 1S31 4O 901 


L 


iA 


‘aanqjoniqs quoosfsu0y 

e Zuywm10F Jussqe ATTeIOT 

pue peaatd sf voT *saoejyizequt 
@OT-TTOs ye aeqeqyfdzoead AAsny 
"VD 02 (0% 3@ pelueTio suTeA 
aot ‘fTetTpTeied ‘padopTeaaep [Tem 
‘pues Jo vo0UueptAs ou 4daoxe 
Su 9¢°€ 02 /O°T eAoge se 


QQ 


CY. 
WR 


NY 


*SHDOTG 
(aAoge peqtiosep) AeTo uo 3uTz 
-]e00 se pue [TefrejeM oFueZIO 
YIIM Speq a2e19STP UT £(707) 
SIFTTF31e pue eafustT *(%08) 
zjienb {papunoirqns of AeTNsZue 
-qns {peute13 untpeu fpepe13 
Ajiood £(€/94AOT) UMorq ated 


SSS ASS 


*qnoysnoryy 8dF VIeTNIFIY 
*MOTZ Tepowmftq pezTTFqe3s 

eB worljz wNTANTTOoO ATqeqoad 

- (MOTeq peqTaosep) pues YITM 
“Ta euIeITe peqzoquoo vanjonaqs AyD0TYG 
pasn — 3 Ae , ; AAQTTS ‘oTaseqTd y3ty oj untpeu 


— = s REEDS ele 
bd Leafs pues * srs A oedta an pow 


-3un} yIFM Ter cease olin a ican dine £(/SUAOT) UMOIq YSTMoTTeA 
—1eq THYaO SAN 

auo pue y3903 

; [e218 poues 

—piey aseo YIM ee Sapecis ies tae *doq aeau s 001 

qyeaseq TAWMO _ Peres eee ee snojewnu y3tm Assow pue Apoom 


V 5° nN 9U0 S#:0T $(4/€MASG) UMOIG USTpper yAep 


y 
g 
l 
j 
G 
Z 


SSCs 


RAIQry 


IN 


*sq0oo01 ou faAoqe se 


a 


HEIN 


cO2 oe! 
(~<W/6W) ALISNIO XING 


Qnw 
3yY09 

351 SYN 
JIHd VS 
g3iainn 


SINJWWOD - JAIL 8 31Vv0 NOI1dI¥9S30 0S 


(Jo) dW3L 
907 1110S 


NO!LIONOD 
(4) H1d30 


GL os Ge 
(%) INJLNOD JYNLSIOW 


(ANY3A0938 %) 
YIEWOAN 3809 


3SV8 40 Hid30 


(%-3OTVNSIA) 
NOILVDISISSV19 
NOILVOISISSW19 


_ eae 
(BE  prmzseuga > geet @ 3140 


~ pak os Pew #408 


3 


Core 


- - hea 4 ai” we Ls ai 
B36 O bob 0:05) AW ‘ . wt | (ceMERTE) mworl 
forte Rett = ; i fe 4 ; : wees euheulan filly Veeco one & 
G-6c4 ears dtiv Sf soot ; : .qo2 1648 
Iiseie bene \ j ™ “as ani ; 
3 wte han s3ee3 — r ee ie : 
| = 7 “Thows op ioveds & 


piovenyoss wares 
wane wade REEF: 4 rer 


eb! doas ae2e ‘ j \ ‘ 
j‘aoy , 7 . as 
a eee. | mane asoee aoteen 
efetnaees te oo Cate yt L542") sian jobseale Sat of 
vi ; tebe, ; | ll aaiaet ; barotnes eesedse Yael 
: oe bo (wctnd kedieseeh) beam WeRy 
| > 4 7 | -_ : a ’ = =e @eort eviveliftas (adem 
r _ er : t - wolt isbouaid owatliéese 
a? = a | ; _suotguomt? ook srpiat 
ee i ' - 
. 4 i I 
| | | 4 
| et | - = . 
cea  (eOLe . - 7 i j givocy in \omtnt> ta sees. 
 ——. - | | se hanieng aha Sa 
: i F >' me > 63 97G2 2 ala “oie. od 
s aos , * b eo 
i aos of) : . fiiqae bee eiingt? 
9 » & f a — —— - , = A = , 2 | » = a hee wi 
' ? <= © —" ne iv ac «f Bis Te. Taree 
Tt 4 _ ~ |) (eve inioetul) .aea 
_ 
; = OTs eal — 
j ” ~ oo. % aad u.8 
. 1 a : 10 oF ESS 
} 7 ye . ; +O 
: = ; 
¢ t- P 
7 
| Ye 
—— aden _ - . —o- - ~ ~~ a ead 
} + 
- * > he SS A tee ~* 


PT ele ncnecsiitireemhe dnd 


368 


| £40 € 1aaHs | mw G°OL  : NolwAa73 39v4yNS GL/71/% =a 3HsiNni4 GL/T1/” -:a3iuwis (W OT 03 0) €49 : y3awnN 370H 1531 4O 907 


o 


SS 


“IFQ Yor 
YITA VTOY vouUeA 
-—pe 02 uesog 


SESSA 
NAN 


“3Tq BuyTM 1I9J0u 
-PTP (UF G79) 
wo 6°ST UIT 
powrsl aToy 

bd Guta 
ainje1isdus} po 
-xym ‘pappe pny 
°3Tq YI01 19QoW 
-PFP ("UF S/°4) 
wo /0°72T YIFA 
BUTTTFIp 3am 
oF perzedseid 3Ty 


MMM AQYSS 


SSO 


AWS ee) Ue 
moteq ATuo satdwmes qe1y 


WSS SSS“ 


* ponut 
-JUODSTp Ter1eq 


TawuO Fo ysn 
-syoo01 Auew oo], 


SS 


* plemuMop 
qusqjuod ButTses1d,ep *yoOTYI 
M9 9°Q o3erTeAe fTeOFIIBA AP]U 
sutoa Aiaewfid ‘uowumo0d 30F 
aqeTNoFIeyYy *‘peaanssty ATIUZTT 
fuommo0d SUOTSNTOIUT suo JSpueSs 
, - pue ajeuoqies faut{TTe3sk19 
wm €0°S ‘ 
= Eeby eee — 2 Ke ‘Apues ATTeIOT pue AQTTS 
MOTeq pesn ie Al Mie. meth 4 4 a 
ATuo Ja11eq FoTaseqtd mot *(€/% 03 €/SUAOT) 
TON) SAN ‘ Maree a umoiqg yrep OF UMOAG = TTIL AVIO 


WMA 


NS 
SS 


WN 
SN 


\ 
\\ 


Noo 
OSs 


bs 


——— 


dIHd veo eS 
SS 


a 


coz os! 
(~<W/6W) ALISN3O 41NE 


Qnw 
3409 
4391 DYN 
Q3IsINN 


SIN3WWOD - 3WIL 8 31V0 NOI1dIY¥9S30 0S 


(Jo) dN3L 
NOILIQNOD 
901 110S Re 

(W) Hid30 


GL os G2 
(%,) INJLNOD JYNISIOW 


3SV8 40 Hid30 
(A¥3A0938 %) 
4 3EWNN 3H0D 
NOILVIISISSV19 


(%-3dITVNSIA) 
NOLLWOISISSV19 


pth oy eTwnG e708 
~ ili 


7 7 : - aAisy yiselsa  coe> : 
ee ' eo i => 3,0 agnveva ,learswr a 
: ives yatesotoesd eabel2 
ei = tae 


-etent (om 607 
JURE 36 @8 


-ascoathh levees | 
o le ss 
sk heveqety a8 - | 
gutttsab 226 ae, ei | 
."H.6) fu ~ f | a 
a ee a ya iD. | 
ele ” : ce ot | —_ —- ——————— 
sid a.50t “290° ‘ 
} ) 
Sucte pledha bu? : 
Swie TUS) >) 
=i .a ; 
iupiy eTo OF sy : 


« 
* 


—_ 
hit o~ewe @ eat IRA 
‘ 
i 
> 
. es 


APPENDIX C 


THERMISTOR DATA 


Col Thermistom DatawaremelolesGRiA 


369 


> KIGHaIA 


faa wOTeeT 


C2) 


TEMPERATURE 


c7e)} 


TEMPERRIURE 


16 


depth = 4.3m 


es 


10-2 VOse 108 10! Loe 103 
ee ee eR Roe 
Figure C.1 Thermistor 1 - hole GBIA 


15 


depth = 10.4m | 


Ne 


Los? lice ya ie Pah Bice 
Titi goes: 
Figure C.2 Thermistor 1 - hole GBIA 


370 


Gite 


FENE ERATURE 


(ede 


PEE SRA PURE 


depth = 16.5m 


2 3 2 rs) 
ios ioe 10! 10? 
IE BAS 
Figure C.3 Thermistor 3 - hole GBIA 


depth = 22.6m 


3 5 2 5 
tor! 10° io! sae 
Laie. Ayo 
Figure C.4 Thermistor 4 - hole GBIA 


Sve 


s4€ 


3 


—— 
LEWDEBHINBE ToC) 


ul} 


Db tell tp oe Ea 


(SE) 


FEMEERATURE 


15 


12 


B7Z 


depth = 28.7m 


2 5 2 5 
107! 10° 10! 102 iOS 
ie GE Ayess 
Figure C.5 Thermistor 5 - hole GBIA 


depth = 34.8m 
i 
| 
* : XOORK 
x x x x XK pO0xc 
2 5 2 5 2 5 2 9 
10°! 10° 10} mba IDs 


Tel GS eee) 
Figure C.6 Thermistor 6 - hole GB1A 


nists TT 
: Cosi 
d <3 
a 
> 
. # 
» were -” 
} 7” 7 
‘ bide he SS —— asthid ack (jhe © 
a al ; a 4 ” 
a » a +. is 7 
fir t=)! ‘* 
‘ UT Be es 8D | " 
jee 4. & yotetwrant 2.2 s0g17 


ek a a" T pre, 


eat 


PEE Ay ie 


a) 


REE ER ATURE 


18 


We 


depth = 40.8m 
x OOK 
x x y x 2) See 
2 5 2 Sa 2 5 2 5 2 = 
O52 ics 10° io} hie 103 


1H) Cee a eae) 
Figure C.7. Thermistor 7 - hole GBIA 


depth = 46.9m 


ee ci hey Lor eae mies 


ete DRS Psy 
Figure C.8 Thermistor 8 - hole GBIA 


375 


me (3°) aRUTAARINS| 
aw or ¢ Hi) t 


—— 


Boos) 


Vital figs aU) ix 


15 


12 


374 


depth = 53.Qm 
erie X Mine : 
a x x X & Xoo 
2 5 2 5 2 5 2 5 
Ox 10° 10! 102 103 


Tihe (CCR Ger: 
Figure C.9 Thermistor 9 - hole GBIA 


aE 


ak a 
; ~~ 
_—_ 
Cc 7 
° 
ow 
bal — 
bon) 7 
as. 
—_ a 
> 
a ay tal 
. e DH 
= 4 a 
>a D 
| us best td Bo Dm 
oe mt Lhe + - : 
2 P e $ 


wr 


4 7 % F-3 $ 
ww, ‘of ©. Ot “pj so) 
L\2yYag!: 3SMIT | 


v ode toredT @.3 owt 


i. sie 


aa ee eee rr 
7 a 
—- 

S04 
; 

tad 1 
” x 

— & ' 
— rm 
~ co } - 
7 a ; 
aa i} 
| a 
= z. t 
& i 

ae | 

’ 4 e 
; : 7 * Ww 
7 TJ bbs le Lad at i ‘i 4 i i 
io 07 LO? +e 

7 


25) 


FEMPERATURE 


G2 6) 


TEMPERATURE 


12 


depth = 0.9m 


5 2 5 2 co) 
ee EGr! oe Ge Vor 103 
TG i ee ley oe) 
Figure C.10 Thermistor 1 - hole GB2 


15 


depth = 4.6m i 


12 


5 
10-4 ice 10° 10! 104 Sie 
Titi SE Bro) 
Figure C.11 Thermistor 2 - hole GB2 


“y99) BRUTAATINAT 
e 2 £ q g- 


= 
a) 


TEMPERATURE (°C) 


(2 6) 


TEMPERATURE 


ud 
* depth = 7.Qm 
S32) 
wo 
m 
=) ma ye 
2 - x x x 
Z 3 2 Suk 2 5 2 ro) 2 rs) 
1 OF nas, 1 13) ra} Woe Rae 
re OBER i oe) 
Figure’ Gsl2 jherntstor 3° = hele Giz 
oy Satay a 
depth = 10./m 
= 


rey Me 2 
0 me Loe? ae 10! get Whlaay: 


Pp ohie = - SBS Ger 
Figure C.13 Thermistor 4 - hole GB2 


377 


4 


~ — tte TE mmipegyh ety ee Wee ee te 
eryyttT Lae te ee a 


as 


JEWLERY INE Lol? 


, 


= = i 


i] 
7 4 
a* i 2 ; ° 
bop Sk ee 7 
a: -? eS 


. ¢ F: ¢ g ' 
"1 dai tp ani | 1 

ha oy i > 

an rad? . | 

+ A i, “= i] 3 i 

= 

can ated - £ wwieterarT $1.0 eer —_ 


See ih ae priest 


TEMPERATURE (263 


(icy 


TEMPERATURE 


15 


3 


15 


tr 


depth = 13.1m 
‘ x x x MXM 
2 ae 2 5 2 5 2 S 
107! 10° 103 pe? iG? 


TIME CBAs) 
Figure C.14 Thermistor 5 - hole GB2 


depth = 16.8m { 
| 
te x x XK KX KOM 
2 5 2 5 2 5 2 S) 
11 10° 10! — 102 103 


Tee ASaiaesy: 
Figure C.15 Thermistor 6 - hole GB2 


378 


hn ee ue 


8 


LEMLERBINBE. Col) 


e 


Gedo 


el Bie ie 


i Be) 


TEMPERATURE 


depth = 19.2m 


{0-4 tox 109 10! 102 103 
ihe AUDA?) 
Figure C.16 Thermistor 7 - hole GB2 


2 
we depth = 21.0m 4 
: t 
© EL 
? | 
a x as xx x 
ee x x XX XOGOOHx 

i 

Me 5 “4 5 c 5 2 5 2 5 
ie iLigne*: Ge 10} 102 pala? 


elites ACW aoe), 
Figure C.17 Thermistor 8 - hole GB2 


379 


aeuTAssInat 
a c Cc -s Bi 
a een ae 

; 


cA 


o“ 


« 


=e 
a 
‘Ol 
rt? 
7 


= ee) Se 
2 
e 


od 


Ce 


TEMPERATURE 


E202) 


TEMPERATURE 


15 


YZ 


15 


4Z 


depth = 22.9m 


hoe? ele fot te 
ei CBr oe 


Figure Cllew inher stor 9 GE2 


depth = 25.3m | 
*X x x x MXR xX 
2 5 Zz rs) 2 5 2 S 
Noles 108 10! 102 103 


Linke Chie sy) 
Figure C.19 Thermistor 10 - GB2 


380 


- Le i aes 
yy ry i ‘iu a | 
4 
ia 
- » 
ap a, 
{ 6 
@ @ 
. 
= ae j 
, : e 
Peal} 


\ sofztinedT 81.9 stupit 


TEMBERE TUR Eases 


Eo) 


FEMBERATURE 


381 


15 


depth = 29.0m 


ve 


10-2 Lo-! 10° 10} ee iO 
oe ie Pe OBC RN (es | 
Figure C.20 Thermistor 11 - hole GB2 


15 


depth = 31.4m | 


12 


x 
=) x X Xx Xx 


x x KR 


2 5 5 
ere ie 10° 10} 10° 10° 
Lie = SBR E esr: 
Figure C.21 Thermistor 12 - hole GB2 


. aioe. P-. 
" Ser en et ye ee ee i, 


: 
7 : 


; cena 


a A * 
. ‘ 
{ 
a ' s 7 
me J a 
. 2 
’ ; -f\ 9 
' 
» As Tr 
| 
é i * ' 
a) _ 
« +2 ' ’ i 4 a be 4 
_ - — wet Cc 
'. i 
’ ' ' fT ; 


* 
ic 


= 
PINKE LoC) 


= 


ses 


P it 
- 


_ 
t 
-? 


SS . 
a 
i 


= 


ce =e e 
aa _ we ’ ae fa . roy oe Pita - ; Abt ; 
4 ar on we ie es | 
29: Wid we Meee Pheaa pe 
¢ 7) i } 


gin 


al v » a 1 7 


382 


Gad) Thermistor Data trom hole GBS 


(PcD 


REN rie sing 


TEMPERATURE (°C) 


N 
4 


= depth = 3.4m 


2 5 2 5 
he oe al 10! ic 10° 
Pee heirs] 
Figure C.22 Thermistor 4 - hole GB3 


18 


depth = 9.5m 
S i 
: 

x 

wo 3 i 
a x ar 
Oo eet * i 
7 x 2 ney XOX 
2 3) z 5 Zz 5 2 3 2 5 
NOs Mey 10° 10! 10? 103 


ivi -CUEN Ss 
Figure C.23 Thermistor 5 - hole GB3. 


383 


Ps 


meee ntl 
: 


+i 
ee fee 
} 
~4 
} 
‘ \ 
’ =) 
- . 7 
| 
7 
- a® 


Ce) 


PelEerR dae 


(oS) 


eer AUR e 


15 


FZ 


1S 


1Z 


384 


depth = 15.6m 
x x x x * 0000 
5 ae 5 ao aS 8 2.68 
107! 10° 10! 102 LBs 


ile. OBEN Ss 
Figure C.24 Thermistor 6 - hole GB3 


CAG Re Ute ara 
depth = 21.6m 
5 
§ 
ees 
5 2 5 2 5 2 5 2 5 
107! 100 to! 10? = tlhe 


ete DR Ee 4 
Figure C.25 Thermistor 7 - hole GB3 


Di 


TTT i 


a 


3) 


4 


UTAHSING 


TEMPERATURE (°C) 


15 


depth = 27.7m 


12 


boul Hea le 
rs) 2 rs) 2 9 
10-2 107! 102 10! 10? 10° 
elite CRIN ier 
EigurerC.co sl hermistom os— hol esG33 


385 


af 


°) 35H 
Ba ie 


UTAAIINaT 
£ [: 


go alad + & woretere! 


APPENDIX D 


SUMMARY OF LABORATORY TEST DATA 


Del Direce Shear Tesits 


386 


a RTOUITTA 


se0aK1 FO TRAN 


387 


(Tvna1saH ) 
L 


0z°0 


0z°0 

010°0 
010°0 
010°0 
ost*o 
00°00 
0L0°0 


9109 mo1j Jaqunu atdmes - 7 
aaqunu 3109 - 64 
(€q9 pur 749 ‘149 Ruome) azaqunu aToH - J 
Apnjs 68fy2 saIeoFpuy - NA 


moo1 
(Gai 
(qk 
Cot= 
Col 
17-03 ee 
BiesT=xoasTere 


Z0°Z 


16°T 
60°Z 
80°7 
80°7 
90°7 
€0°Z 
_70°Z 


Z-69-1-N4 


(Aep/mo) 
aLva 
INAWAIV1dS1d 

TIWILINI 


(94) 
*dWwal 


LSaL 


(c/3H) 
ALISNAG 
Wind 
NAZOUd 


atdwexq 


BANNAN NFNANNTNORANNTNOANNTNOANMNTNO 


VLVd LSAL YVAHS LOANIG AO AUVWNNS 


T°d d1aVL 


ISMOTTOJ 8B Pataidaaiuy aq Aew siaqmnu atdmes ayL “T 


Aeqto 
Aeqo 
Aeqo 
Aeqto 


aut iIsnoeToOTIeTs 
auTaqsnoejoyoeyT3 
autiisnoepozoeys 
aupISNIeTOF ORT. 
Aeq> TeTanTTe 
Aeqto TepanttTe 
Aeqyo [epantTe 


TeFANTTe® 


TRFANTTe 


TeFAnTTe 


autaqsnoepoyoeTs 


aut sqsnseToTIeTs 


euTAISNIeTOFIeTI 
aut rAIsno#pToFIeTs 
auUTAISNIBTOFIBTS 
aut AsnoepTopoeTs 
aut AIsnoeTOFIRTS 
autjzsnoepoyIe Ts 
autaqysnoepTopoey{s 


L-1S-1-NA 
9-1S-T-N4 
S-1S-1-N4 
9-1S-T-Nd 
Z1-87-Z-NA 
TI-87-Z-NA 
OI-87-Z-NA 


« . : 
i. rs 0 & 7 = 
ils wit ceoce jee 
aale oe tate atu 1lg 
poly qq) Peet pends 
Tresjenp 


aie au) i rqmeininncg 
obs ets memeimioes ® 


te sak ree reinele 


anh tweowsiascais 


4 al 


388 


2.02 Mom/m?® 


em 
a 
< 
~~ 
oO 
iav) 


ase 
(Udy) 


od2 ost ont 
So GUESS SEs 


Os 


0 


Ord 0- 


(WI) 


ORC a0 
W450 LYSA (2 


ibe ali 
Sasaddau3 


0.0 a.8 


c- 
dWal 


(CM) 
Direct Shear Test 1 (frozen) 


HOR ZOE M 


Figure D.1 


« 
* 
* 

; 
= 
abd 
til 

ro a 
I 
ro er er 


-0°179 


2 Ci) AEBL 


a een emeniens ennai Lait 


—— =F" — 


7 


° 2 


—~—— +--+ 


389 


OVO 0.4 


Soa ctiS sans 


avabopG) ablekabi\ WS) Sskalehalsie): 


(CM) 


HGRZe DERM 
Figure D.2 Direct Shear Test 2 (frozen) 


a a 
oe — 


; CHa) M330 Taw (9 aac 
pon 


. 


——-— a . 


| 


390 


a) 
£ 
— 
= 
Oo 
= 
ida) 


Soul Sons 


a ti 


a 


(WI) 


W450 LY3A (9 S3535Y9ST) 


10 


Oo 


dW3l 


(CM) 


HORZ DEFM 


Figure D.3 Direct Shear Test 3 (frozen) 


- 


Sa aa eR3nt H m2) nage taav 7 2 


$0,0-— 


sae = 4 
a — inet Sale Alenia de ee —— a | 


she)a 


0°0Se 0°*Sel 


(Udy) 


SSauds ans 


00°0O S020 au T- Ca 


(WI) 


Waog0 Vuants seacsau 


iz 


€- 
dW3Al 


(CM) 


DOR Ze De EM 


Figure D.4 Direct Shear Test 4 (frozen) 


Pe Cn aaa mel RE CAS 


ata ia- % 


Hre « 
' 
7 te\ag" 80.5 = ,8 
y . 


392 


OSE 


8 Mgom/m? 


je 
ao 
= 
oo ae) 


aH > 
O0E o0S2 
(bd) 


002 ost oot 
Sonuiiic: SHS 


OS 


0 


(WO) 


10°0 Lo°0- 0 ie 
WHSG? IES (3) Ssadsaa) 


te 


* Uae 


HORZ DEFM 


254 


o- 
dW3l 


(CM) 


Figure D.5 Direct Shear Test 5 (frozen) 


> Ww 


gos vel 10? Ged Gy Pe Te.8- 


(A954) ee3aTe He tM 130 rasy 1 33 


te 


= 
TVA Foe 
” . 

i 


A 
SRT 


_) 


7 
ae 
re 
— 
. 
4 
/ 
= peanuts Tadehsiieed wo, 
7 
a 
tae 
7 
telat 


LJ 
7 ‘a 
4 


. 
@ Neg . 
—_ 
- 
= a 


393 


S 
2.09 Mgm/m? 


le a 
aw 
< 
oO 
InN e 
"oil 


SLE 
(Ud) 


OO€ See Ost 


Sood LSedas 


a6 


0 


0€0°0- Gol SOs 0 Ls a 


(W3) 


WASUFLYanN to eSaadoa 


0.0 0.5 


¢- 
dW3l 


(CM) 


PCG Za cM 
Figure D.6 Direct Shear Test 6 (frozen) 
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Figure D./ Direct Shear Test 7 (multistage) 
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Figure D.36 Triaxial Creep Test 3 
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Figure D.37. Triaxial Creep Test 4 
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Figure D.38 Triaxial Creep Test 5 
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Figure .D.39  Triaxial Creep. lest 6 
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Figure D.40 Triaxial Creep Test 7 (stage one of three) 
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Figure D.41 Triaxial Creep Test 7 ( stage two of three) 
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Figure D.42 Triacial Creep Test 7 (stage three of three) 
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Figure D.43 Triaxial Creep Test 8 (stage one of three) 
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Figure D.44 Triaxial Creep Test 8 (stage two of three) 
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Figure D.45 Triaxial Creep Test 8 (stage three of three) 
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Figure D.46 Triaxial Creep Test 9 
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Figure D.47  Triaxial Creep Test 10 (stage one of two) 
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Figure D.48 Triaxial Creep Test 10 (stage two of two) 
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Figure D.49 Triaxial Creep Test 11 
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Figure D.50 Triaxial Creep Test 12 (stage one of two) 
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Figure D.51 Triaxial Creep Test 12 (stage two of two) 
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Figure D.52 Triaxial Creep Test NES 3-11 
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Figure 0.53 Triaxial Creep Test NES 3-8 
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Figure D.54 Triaxial Creep Test NES 3-10 
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